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The WCL (Wet Chemistry Lab) instrument on board the Mars’s Phoenix Lander has 
identified the soluble ionic composition of the soil at the landing site. Two important ions were 
detected at the landing site; perchlorates (ClO4
-
) with a concentration of ~ 2.4 wt% and chlorides 
(Cl
-
) with a concentration of 0.54 wt%. Between chloride and perchlorate ions three other 
oxidized ions exist and called chlorine ions: hypochlorite ClO 
-
 (ox. state +1), chlorite ClO2
-
 (ox. 
state +3) and chlorate ClO3
-
 (ox. state +5). These oxidized ions might be existed as intermediate 
species on the surface of Mars but remained undetected. In fact chlorine salts could be found on 
any planetary body that has been altered by water in the past as chlorides that been found on 
Martian meteorites. Here we studied the thermodynamic modeling of different chlorine salts 
using two different thermodynamic models: FREZCHEM and Geochemist’s Workbench (GWB) 
in attempt to understand their stability and habitability under Martian conditions. We approached 
our goals through using different thermodynamic pathways. The first pathway was through 
changing the temperature around the system; evaporation (T >0ºC using both FREZCHEM and 
GWB) and freezing (T< 0ºC using only FREZCHEM). We found that the ubiquitous minerals 
that formed through this first pathway either by evaporation or freezing are magnesium chlorate 
hexahydrate (Mg(ClO3)2·6H2O), potassium perchlorate (KClO4) and gypsum (CaSO4·2H2O). 
The second pathway was through varying the relative humidity around chloride/perchlorate 
binary salt mixtures; deliquescence (increase RH using GWB) and efflorescence (decrease RH 
using GWB). Our modeling results show that the DRH values for all mixtures were generally 
increased with decreasing temperature.  Also, highly hydrated forms usually observed at low 
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I.  Introduction 
A. Detection of Perchlorates On Mars 
 The WCL (Wet Chemistry Laboratory) instrument on board the Mars’s Phoenix Lander 
2008 (Fig 1-1) has identified the soluble ionic composition of the soil at the Phoenix landing site 
(Cull et al., 2010, Hecht et al., 2009; Kounaves et al., 2010). Phoenix Lander was the first to 
provided in situ detection of perchlorates (ClO4
-
) on the surface of Mars with a concentration of 
~ 2.4 wt % (Fig1-2). Since then, perchlorates attracted the attention of the scientific community 
due to their hygroscopic characteristics that allow them to accumulate water either by adsorption 
or by deliquescence . It is believed that perchlorates are ubiquitous on Mars and they can easily 
stay in aqueous form for a substantial amount of time on the planet surface (Catling et al., 2010; 
Chevrier and Altheide, 2008; Chevrier et al., 2009; Cull et al., 2010; Glavin et al., 2013; 
Kounaves et al., 2010, 2014a, 2014b; Rennó et al., 2009; Navarro-Gonzalez et al., 2010; Leshin 
et al., 201; Zorzano et al., 2009). Also, evidence for present day liquid water on Mars that comes 
from recent gully formation or and Recurring Slope Lineae (RSL) have been directly related to 
perchlorate salts (McEwen et al., 2011; Chevrier and Rivera-Valentin, 2012; Martín-Torres et al., 
2015, Ojha et al., 2015). Different mechanisms could be responsible for formation of 
perchlorates on the surface of Mars, as oxidation of aerosols by the UV radiations, UV oxidation 
of dry and aqueous Cl
-
 in the presence of a titanium dioxide, and  reaction of some strong 
oxidants such as hydrogen peroxide and ozone (Brown et al., 2008; Catling et al., 2010; Jackson 
et al., 2010, Kang et al., 2008; Kim et al., 2013; Miller et al., 2006; Rao et al., 2012; Schuttlefield 
et al., 2011). Perchlorate solutions can remain liquid as low as –75˚C and form aqueous brines 
since they are able to spontaneously absorb water vapour from the atmosphere (Marion et al., 
2010; Gough et al., 2011). Also, they are able to lower the freezing point as well as the 
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evaporation rates of their salt solutions (Chevrier et al., 2009; Hanley et al., 2012). In addition, 
they are able to supercool easily and form aqueous glasses near –120˚C (Tone et al., 2013).  
 
          
Fig 1-1: The Wet Chemistry Lab (WCL) on board of Phoenix Lander, that identified the soluble 
ionic composition of the soil at the landing site (Kounaves et al., 2009) 
 
 
 Chlorides were also detected at the same landing site with a concentration of 0.54 wt%. 
Between chloride Cl
-
 (oxidation state of -1) and perchlorate ClO4
-
 (oxidation state +7), other 
oxidized chlorine species such as hypochlorite ClO
 -
 (ox. state +1), chlorite ClO2
-
 (ox. state +3) 
and chlorate ClO3
-
 (oxidation state +5) that  might currently exist in the Martian soil but yet 
undetected. Chlorate (ClO3
-
) is usually found on Earth’s surface coupled with perchlorate in all 
natural environments at a concentration ratio of ~ 1:1 (Hanley et al., 2012; Kounaves et al., 
2014b; Rao et al., 2010). In fact, chlorate ion is considered the most stable intermediate species 
after that potentially form between chloride (Cl
-
) and perchlorate (ClO4
-
) (Chevrier et al., 2009; 







) are classified as bleachers and they might be 
responsible for the destructive oxidation of organics at Viking and lack of detection of organics 




Fig 1-2 : Analysis of the WCL sample on board of Phoenix Lander after delivery to 25 ml of 














 (Hect et al., 2009) 
 
B. Thermodynamic Modeling of Aqueous Geochemistry  
 Thermodynamic modeling is one of the tools that can give us a valuable insight on the 
reactions that are difficult to obtain experimentally. Also, it is very helpful, fast and reliable to 
better plan for a future endeavor mission.  One of the interesting discoveries by phoenix Lander 
along with perchlorates was detection of ice (Fig 1-3). This discovery enhanced all the scientific 
community for more consideration of studying aqueous geochemistry reactions on Mars. 
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Recently, a thermodynamic model for aqueous geochemistry has been developed to understand 
aqueous chemistry at the Phoenix landing site called FREZCHEM (Marion et al., 2003, 2010). 
FREZCHEM model is able to deal explicitly with aqueous solutions at subzero temperatures 
which is more reliable for Mars’s conditions. It is an equilibrium chemical thermodynamic 
model that parameterized for concentrated electrolyte solutions using (Pitzer, 1991) approach. 
Usually, in electrolyte solutions, solutes are able to lower the freezing point. When temperatures 
are very low, solutions freeze and form ice. As a result, more solutes are rejected from the 
solution and become more concentrated in the unfrozen brine which, in turn, lowers the brine 
freezing point. Thus, using thermodynamic models as FREZCHEM is very helpful to understand 
the behaviour of chlorine salts and their stability under Martian conditions. 
                         





Chlorine solutions are able to lower the freezing temperature enough to support presence 
of different surface morphologies on Mars as gullies, RSL or even lakes (Ojha et al., 2015, 
Rivera-Valentin et al., 2011, Wray et al., 2011). They are also important to understand the 
habitability and stability of water on Mars. The purpose of this dissertation is to conduct 
investigation on: 1) stability of salt assemblages at Phoenix landing site using thermodynamic 
modeling as FREZCHEM and GWB (Chapter 2), 2) deliquescence of chlorides/perchlorate 
binary salt mixtures using thermodynamic modeling by GWB (Chapter 3), Finally, 3) studying 
thermodynamic characteristics of different chlorine salts through the determination of their 
eutectic temperatures (Chapter 4).  
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II.  Effect of Evaporation and Freezing on the Salt Paragenesis and Habitability of 
Brines at the Phoenix Landing Site 
A. Abstract  
The WCL (Wet Chemistry Lab) instrument on board the Phoenix Lander identified the 
soluble ionic composition of the soil at the landing site. However, few studies have been 
conducted to understand the parent salts of these soluble ions. Here we studied the possible salt 
assemblages at the phoenix landing site using two different thermodynamic models: 
FREZCHEM and Geochemist’s Workbench (GWB). Two precipitation pathways were used: 
evaporation (T >0ºC using both FREZCHEM and GWB) and freezing (T< 0ºC using only 
FREZCHEM). Through applying three different models of initial ionic concentrations (from 
sulfate to chlorate/perchlorate dominated), we calculated the resulting precipitated minerals. The 
results -through both freezing and evaporation- showed some common minerals that precipitated 
regardless of the ionic initial concentration. These ubiquitous minerals are magnesium chlorate 
hexahydrate (Mg(ClO3)2·6H2O), potassium perchlorate (KClO4) and gypsum (CaSO4·2H2O).  
Other minerals evidence specific precipitation pathway. Precipitation of highly hydrated salts 
such as meridianiite (MgSO4.11H2O) and MgCl2.12H2O indicate freezing pathway, while 
precipitation of the low hydrated (anhydrite, kieserite and epsomite) indicate evaporation.  The 
simulations also showed absence of Ca-perchlorate in all models, mainly because of the 





respectively. Finally, in consideration to the Martian life, it might survive at the very low 
temperatures and low water activities of the liquids formed.  However, besides the big and 
widely recognized challenges to life posed by those extreme environmental parameters 
(especially low water activity), another main challenge for any form of life in such an 
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environment is to maintain contact with the small droplets of the stable liquids in the regolith and 
to interact with life in other isolated droplets 
 
B. Introduction 
NASA’s Phoenix Mars lander was the first in 2008 to provide in-situ analysis of Martian 
arctic region to understand the history of water and the possible habitability of Mars. The WCL 
(Wet Chemistry Laboratory), on board of NASA’s Phoenix lander, identified and analyzed the 















 which was an unexpected ion (Cull et al., 2010, Hecht et al., 2009; 
Kounaves et al., 2010). Perchlorate is a very interesting ion as it combines with cations to form 
highly hygroscopic salts that can trap atmospheric water vapor in the soil (Gough et al.,2010). 
Furthermore, they have very low eutectic temperatures that sustain formation of liquid brines 
under Martian conditions (Chevrier et al., 2009; Cull et al., 2010; Rennó et al., 2009; Zorzano et 
al., 2009). 
The soluble ionic composition of Martian soil which was analyzed at the Phoenix landing site 
is well studied (Hecht et al., 2009; Kounaves et al., 2009, 2010; Hanley et al., 2012). However, 
the composition of the parent salts in the regolith is still questionable and yet not completely 
characterized, although Ca(ClO4)2 seems to be the dominant form of perchlorate (Glavin et al., 
2013; Kounaves et al., 2014a). Therefore, thermodynamic studies were undergone to model the 
WCL solutions using various codes such  as Geochemist’s Workbench® (GWB) or FREZCHEM 
in order to  understand the salt paragenesis at the Phoenix landing site (Hanley et al., 2012; 
Marion et al., 2010). Both thermodynamic codes allow simulation of the possible precipitated 
minerals under Martian conditions through two different pathways: evaporation or freezing of 
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liquid brines (Marion et al., 2010). In our study, we compare the minerals formed by freezing (T 
< 0º C using FREZCHEM) with those resulting from evaporation (T > 0º C using both 
FREZCHEM and GWB). We also include the presence of the chlorate ion (ClO3
-
) since chlorate 
is usually coupled with perchlorate in all natural environments at a concentration ratio of ~ 1:1 
(Hanley et al., 2012; Kounaves et al., 2014b; Rao et al., 2010). In fact, chlorate ion is the most 
stable intermediate species that potentially form between chloride (Cl
-
) and perchlorate (ClO4
-
) 
(Chevrier and Hanley, 2009; Hanley et al., 2012; Kang et al., 2006). Therefore, chlorate is 
probably present at the Phoenix landing site despite remaining undetected. Furthermore, recent 
studies have been performed on the WCL solutions to understand the nature of Martian regolith 
at the Phoenix landing site (Chevrier et al., 2009; Cull et al., 2010; Hanley et al., 2012; Hecht et 
al., 2009; Kounaves et al., 201; Rennó et al., 2009; Zorzano et al., 2009). However, most of these 
studies conducted work on single salts, while studying mixture of salts is more significant as it 
might result in chemical fractionation preventing some soluble salts to be present.  Accordingly, 
we present a detailed study of all possible precipitated minerals including chlorate compounds 
that were formed by evaporation and freezing scenarios in an attempt to 1- understand the soil 
chemistry and habitability at the Phoenix landing site, 2- compare the two different 
thermodynamic models (FREZCHEM and GWB), 3- assess the liquid brines through modeling 
of salts/ liquid equilibrium, and last 4-understand the habitability of liquid brines on Mars.   
 
C. Methodology using GWB and FREZCHEM 
We modeled the WCL solutions using two thermodynamic modeling software: Geochemist’s 
Workbench (GWB) and FREZCHEM (Marion et al., 2010). These models help calculate the 
possible minerals in the Martian regolith from the measured ionic composition of the liquid 
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phase. Based on the Pitzer model (Pitzer, 1991), the Geochemist’s Workbench® (PHRQPITZ) 
database was updated to include chlorate ion (ClO3
-









) in order to model the mineralogical composition of the associated salts resulting from 
evaporation. All conducted runs on evaporation were established with initial pH of 7.7, initial 
CO2 partial pressure of 3 mbar and initially 1 kg of water at 280.15 K.  
FREZCHEM is an equilibrium chemical thermodynamic software that focuses on modeling 
the possible salt assemblages at low temperatures (-203.15 to 298 K). FREZCHEM was also 
used to simulate the possible paragenesis resulting from evaporation pathway and compare it to 
the GWB results. ―FREZCHEM 14‖ is the version we use in this research, and which was 
updated to include chlorate salts and their associated pitzer parameters. The Evaporation 
simulation using FREZCHEM began with 1 Kg of water, ended at 0.1 g with modeling of 
precipitated minerals at every 0.1g of water at a fixed temperature of 283.15 K. On the other 
hand, freezing calculations were run at temperatures between 273.15 K and 173.15 K, with 
modeling of the possible precipitated minerals every 1 K decrement, at a fixed water mass of 1 
Kg. Both evaporation and freezing FREZCHEM scenarios were established with an initial pH of 
7.7 and initial CO2 partial pressure of 3 mbar. 
For each simulations with GWB or FREZCHEM, three compositional models were tested 
using initial conditions or combinations taken from (Hecht et al., 2009; Kounaves et al., 2009, 
2010; Hanley et al., 2012)—see Table 2-1. Based on various sulfate vs perchlorate / chlorate 
concentrations in each model, the initial charge balance was calculated and the extra (negative) 
charge was added as a concentration of either chlorate (ClO3
-
) or sulfate (SO4
2-
). In the model 1 
―sulfate poor and chlorate rich‖ (Hanley et al., 2012; Hecht et al., 2009), the concentration of 
sulfate was fixed at 0.20 mM and the charge balance was added as chlorate ion at 6.20 mM. In 
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ions (2.40 mM),while the charge balance was added to sulfate ion (2.10 mM). The last 
model 3 ―sulfate and magnesium rich‖ (Hanley et al., 2012; Kounaves et al., 2010)—had a 
magnesium concentration of 6.4 mM and sulfate concentration of 5.30 mM. In this model the 
charge balance was added to chlorate with a resulting concentration of 2.25 mM. 
Following each evaporation run with GWB or FREZCHEM, freezing temperatures (TE) of 








      (1)  Chevrier and Altheide, 2008 






+  1.85921 . 𝑎𝐻2𝑂     (2)   Chevrier and Altheide, 2008 
Where : 
           𝑇𝐸  𝑖𝑠 𝑡𝑕𝑒 𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒.                                 R is the ideal gas constant. 
          aH2O is activity of water.                                        T0 = 273.15 K. 
                                               𝛥𝐻𝑓  is the enthalpy of fusion. 
 
 
Table  2-1. Initial concentrations of Model 1, 2 and 3 in mM, (Hecht et al., 2009; Kounaves et 




























       1.40 1.40 1.40 
K
+
         0.38 0.38 0.40 
Ca
2+
     0.58 0.58 0.75 
Mg
2+
     3.30 3.30 6.40 
Cl
-
         0.54 0.54 0.75 
ClO4  
-
   2.40 2.40 2.50 
ClO3 
-     
 CB = 6.20 2.40 CB = 2.25 
SO4 
2-     
 0.20 CB = 2.10 5.30 
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D.  Results 
 
 Evaporation Using GWB and FREZCHEM 
 In model 1 (sulfate poor/chlorate rich), gypsum (CaSO4.2H2O) is one of the first precipitated 
salts through the evaporation path but very late in the evaporation process; since the evaporation 
route starts from 1 Kg of water. Gypsum was deposited at mass of water of 18.03 g with GWB 
and at 10.1 g with FREZCHEM (Fig 2-1 A & B). Furthermore, potassium perchlorate (KClO4) 
precipitates early at 15.60 g of water with GWB and at 11.8 g of water with FREZCHEM. 
Although gypsum and potassium perchlorate precipitate early, they form in minor amounts: 
gypsum (~3% of total precipitated mass of 1.06 g via FREZCHEM ) and potassium perchlorate 
(~5% of total precipitated mass of 1.06 g by FREZCHEM, e.g. Fig. 2-1). Chlorate and 
perchlorate salts precipitate later in the simulation but with higher masses compared to gypsum 
and KClO4 (Fig 2-1 A & B). Chlorates were observed in as different phases such as NaClO3, 
Mg(ClO3)2.6H2O and Ca(ClO3)2.2H2O (Fig. 2-1 A & B). Magnesium chlorate hexahydrate 
(Mg(ClO3)2.6H2O) was deposited through GWB and FREZCHEM with masses of 0.40 g and 
0.42 g at a residual water of 0.00061 g/g and 0.00042 g/g, respectively.  NaClO3 and 
Ca(ClO3)2.2H2O only formed in the simulation through GWB (Fig 2-1A) with masses of 0.13 g 
and 0.16 g, at mass of water of 0.0007 g/g and 0.0004 g/g, respectively. Ca(ClO3)2.2H2O was the 
most surprising chlorate phase observed precipitating instead of the perchlorate Ca(ClO4)2. 
Perchlorates generally precipitated as Mg(ClO4)2.4H2O through GWB with a mineral mass of 
0.27 g or NaClO4 by FRECHEM with a mass of 0.12 g (Fig 2-1 A & B).  Finally, anhydrous 
calcium sulfate (anhydrite, CaSO4) precipitated as a trace mineral with mass of mineral of 0.0003 
g of total precipitated mass of 0.619 g through GWB and 0.0001 g of total precipitated mass of 
1.06 g through FREZCHEM.  
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Figure 2-1. Results of evaporation (A) GWB and (B) FREZCHEM, showing minerals 




In model 2,―the balanced model‖, sulfates dominated the mineral compositions in both GWB 
and FREZCHEM models, with phases including; gypsum, epsomite, anhydrite, kieserite, 
mirabilite and hexahydrite (Fig 2-2 A & B).  Gypsum was the first sulfate salt to precipitate at 
0.15 g/g of water in GWB with a significant mass of 0.37 g of the TPM of 1.38 g. It also 
precipitated at 0.040 g/g mass of water with FREZCHEM with a lower mineral mass of 0.09 
g,~30% of the amount formed by the GWB. Subsequently in GWB, mirabilite (Na2SO4.10H2O), 
epsomite (MgSO4.7H2O), anhydrite (CaSO4), hexahydrite (MgSO4.6H2O) and kieserite 
(MgSO4.H2O) precipitated at 0.0063 g/g, 0.0012 g/g, 0.001 g/g, 0.0004 g/g and 0.0001 g/g of 
water and with a mass of 0.19 g, 0.11 g, 0.0003 g, 0.01 g and 0.005 g, respectively (Fig 2-2A). 
With FREZCHEM, we observed the formation of epsomite, anhydrite and kieserite at 0.0014 
g/g, 0.0006 g/g and 0.0003 g/g mass of water, respectively.  Notably, epsomite (MgSO4.7H2O) 
was the most abundant mineral by FREZCHEM with a mass 0.39 g (~45% of TPM). In addition, 
potassium perchlorate (KClO4) was formed with a consistent mass of 0.051 g and 0.052 g in both 
GWB and FREZCHEM, respectively. Potassium perchlorate precipitated early in both 
thermodynamic models as it is a highly insoluble salt, at 0.016 g/g water with GWB and 0.011 
g/g with FREZCHEM.  Two other perchlorate salts were deposited in the GWB simulation: 
Mg(ClO4)2.4H2O and Mg(ClO4)2.6H2O at water masses of 0.0004 g/g and 0.0008 g/g and with 
mass of minerals 0.11 g and 0.19 g, respectively. On the other hand, the FREZCHEM model did 
not show any Mg-perchlorate formations, rather NaClO4.H2O was observed in the simulations 
with a significant mass of 0.18 g. Magnesium chlorate hexahydrate Mg(ClO3)2.6H2O was the 
common chlorate salt observed by evaporation through both GWB and FREZCHEM models.  It 
precipitated with a significant mass of mineral of 0.32 g in GWB and 0.13 g in FREZCHEM 
simulations (Fig 2-2 A&B). 
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Figure 2-2. Results of evaporation (A) GWB and (B) FREZCHEM, showing minerals 






In model 3, the ―sulfate and magnesium rich" model, Mg-sulfate minerals such as Epsomite 
(MgSO4.7H2O), hexahydrite (MgSO4.6H2O), bloedite (Na2MgSO4.4H2O) and kieserite 
(MgSO4.H2O) dominated the assemblages (Fig 2-3 A&B). They were deposited by GWB at 
mass of water as the following: epsomite (0.0028 g/g), hexahydrite (0.0007 g/g), bloedite 
(0.0005 g/g) and kieserite (0.0004 g/g) (Fig 2-3A). In FREZCHEM, epsomite and kieserite were 
the main Mg-sulfate minerals. Epsomite precipitated with a significant mass of 0.38 g, though 
kieserite precipitated with a much smaller mass of 0.006 g for a TPM of 0.85 g. Other sulfate 
minerals such a gypsum, mirabilite and anhydrite were also precipitated through the two 
thermodynamic models(Fig 2-3 A&B). Furthermore, due to the high initial Mg concentration of 
this model, Mg rich minerals were also observed, including Mg-perchlorates (Mg(ClO4)2.4H2O 
and Mg(ClO4)2.6H2O), Mg-chlorates (Mg(ClO3)2.4H2O and Mg(ClO3)2.6H2O) and finally 
bischofite (MgCl2.6H2O). Perchlorates mostly precipitated as KClO4, Mg(ClO4)2.6H2O and 
Mg(ClO4)2.4H2O through GWB, at masses of water of 0.016 g/g, 0.001 g/g and 0.0008 g/g, 
respectively. At the same time, they were precipitated as KClO4 and NaClO4.H2O through the 
FRECHEM model at masses of water of 0.011 g/g and 0.0003 g/g, respectively.  The magnesium 
chlorate phase that was precipitated by both models was Mg(ClO3)2.6H2O, with a relatively high 
mass 0.71 g via GWB and 0.13 g via FREZCHEM (Fig 2-3 A&B). 
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Figure 2-3. Results of evaporation in (A) GWB and (B) FREZCHEM , showing minerals 







 Freezing Simulation Using FREZCHEM 
In the freezing pathway, as the temperature lowered down salts were separated (precipitated) 
according to their eutectic temperatures. In model 1 (Fig 2-4A), potassium perchlorate was the 
first deposited salt at 0.018 g/g water and with a mineral mass of 0.05 g. It was followed by 
gypsum which precipitated at 0.01 g/g of water and mass of mineral of 0.03 g. NaClO4·2H2O 
and MgCl2.12H2O came next in the simulation at water mass of 0.001 g/g  and 0.0009 g/g and 
masses  of 0.22 g and 0.08 g respectively. Subsequently, the highly hydrated sulfate salt 
meridianiite (MgSO4.11H2O) was observed at 0.0007 g/g of water with a nearly negligible mass 
of 0.001 g. The last salt deposited through this simulation was magnesium chlorate hexahydrate 
Mg(ClO3)2.6H2O at 0.0006 g/g of water but with a significant mineral mass of 0.58 g of a total 
precipitated mass of 0.977 g.  
Both models 2 ―balanced‖ and 3 ―sulfate and magnesium rich‖ show a very similar sequence 
of deposited salts—(Fig 4-4 B&C). Gypsum precipitated first, followed by KClO4, meridianiite, 
NaClO4.2H2O, MgCl2.12H2O and finally Mg(ClO3)2.6H2O. They were deposited by model 2 at 
water masses in the following order: gypsum (0.017 g/g), KClO4 (0.009 g/g), meridianiite (0.002 
g/g), NaClO4.2H2O (0.0008 g/g), MgCl2.12H2O (0.0005 g) and Mg(ClO3)2.6H2O (0.0003 g) 
respectively. Similarly, they precipitated by model 3 at 0.023 g/g, 0.011 g/g, 0.004 g/g, 0.0008 
g/g, 0.0005 g/g and 0.0003 g/g water, respectively.  The highly hydrated salt, meridianiite, was 
formed by both model 2 and 3 with a significant mass of 0.5 g and 1.5 g, correspondingly (Fig 2-
4 B&C). In model 3,   Mg(ClO4)2·6H2O was observed with only one data point at 0.0001 g/g 
mass of water and mass of mineral of 0.03 g (Fig 2-4C).  
Our results show that some salts are dominantly precipitating by evaporation or freezing 
regardless of the initial concentrations used—see Table 2-2. For instance, the dominant phases 
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observed via evaporation were; gypsum and epsomite for sulfates, KClO4 for perchlorates and 
Mg (ClO3)2.6H2O for chlorates (Fig 2-1, 2-2 and 2-3). Also, the dominant phases observed by 
freezing pathway were gypsum and meridianite for sulfates, KClO4 for perchlorates and 
Mg(ClO3)2.6H2O for chlorates (Fig 2-4).   
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 Figure 2-4. Results of freezing, (A) is model 1, (B) is model 2 and (C) is model 3 showing 
minerals precipitation via FREZCHEM. 
 
 
Table 2-2. Major (+++), minor (++) and trace (+) minerals deposited from Evaporation and 
Freezing pathways using GWB and FREZCHEM. 
Major (+++): are minerals that precipitate with mass of minerals between 0.1g and 1g. 
Minor (++): are minerals that precipitate with mass of minerals between 0.01g and 0.1g. 





Type of Minerals 
 
 
           Model 1 
 
           Model 2 
 






   F. Eva.   Eva. F.  Eva.   Eva. F.  Eva.   Eva. 
Carbonates          
- Calcite - - 4.5wt% - - 4.5wt% - - 4.5wt% 
- Magnesite - - + - - ++ - - ++ 
          
 Chlorates 
 
         
- Ca (ClO3) 2. 2H2O - - +++ - - - - - - 
- Mg (ClO3) 2. 4H2O - - - - +++ - - +++ - 
- Mg (ClO3) 2. 6H2O +++ +++ +++ +++ - +++ +++ - +++ 
- NaClO3 - - +++ - - - - - + 
          
Perchlorates 
 
         
- KClO4 ++ ++ ++ ++ ++ ++ + ++ ++ 
- Mg (ClO4) 2. 4H2O - - +++ - - +++ - - +++ 
- Mg (ClO4) 2. 6H2O - - - - - +++ + - +++ 
- NaClO4. H2O - +++ - - +++ - - +++ - 
- NaClO4. 2H2O +++ - - +++ - - +++ - - 
 
Chlorides 
         
- Halite - - + - - ++ - - ++ 
- Bischofite - - - - - - - - + 
- MgCl2. 4H2O - - + - - - - - - 
- MgCl2. 12H2O ++ - - ++ - - ++ + - 
 
Sulfates 
          
- Anhydrite - + + - + + - + + 
- Bloedite - - - - - - - - + 
- Epsomite - - - - +++ +++ - +++ +++ 
- Gypsum ++ ++ ++ ++ ++ +++ +++ ++ +++ 
- Hexahydrite - - - - - ++ - - + 
- Kieserite - - - - + + - + ++ 




E.  Discussion 
Evaporation Vs. Freezing 
The two scenarios: evaporation and freezing, allow us to determine the salt compositions 
presented in the regolith at different temperature ranges.  The variations in the precipitated 
minerals mainly depend on the pathway used. In the evaporation pathway, the water was 
removed as vapor from the system and salts were separated based on their solubility at a constant 
temperature (Fig 2-5). Alternatively, in the freezing pathway, water was removed as ice while 
the temperature was decreased and salts were separated by following the ice liquidus —see Fig 
2- 5. Therefore, when comparing freezing and evaporation pathways, we observed that the highly 
hydrated minerals such as meridianiite (MgSO4.11H2O) and MgCl2.12H2O were precipitated 
only through the freezing scenario (Fig 2-4), while low hydration phases such as anhydrite or 
kieserite were observed only through the evaporation scenario—see Fig 2-1, 2-2 & 2-3.  
                     
              
 Figure  2-5. Schematic diagram demonstrate how salts precipitate through evaporation scenario 




 Differences Between Model 1, 2 and 3 
Model 1 ―sulfate poor/chlorate rich‖ contains a high initial ClO3
-
 concentration of 6.20 mM 
and a low SO4
-
 concentration of 0.20 mM (Table 2-1). Therefore, we naturally see significant 
abundances of chlorate salts through both pathways, evaporation and freezing. Chlorates 
generally precipitated as Mg(ClO3)2.6H2O through all GWB runs (via evaporation) and 
FREZCHEM (via evaporation and freezing). Two other chlorate phases were precipitated only 
through evaporation using GWB: NaClO3 and Ca(ClO3)2.2H2O (Fig 2-1A). Calcium chlorate 
dihydrate was an unexpected precipitated chlorate form, since Ca
+2
 ion was presumed to 
precipitate as Ca(ClO4)2.  This is caused by two major factors: the high initial ClO3
-
 
concentration of model 1 plus the precipitation of KClO4 early in the simulation, followed by 
Mg(ClO4)2.4H2O resulting in a deficit of perchlorate ions to react with Ca
+2
. NaClO3 was 
deposited through evaporation by GWB, while formation of NaClO4 was observed as an 
alternative in FREZCHEM. The explanation of the this observation is that the FREZCHEM 
model precipitated primarily Mg(ClO3)2.6H2O which consumed all the ClO3
-
 ions forcing Na
+
 to 
precipitate with the next available anion in the system which was ClO4
-
.  
Model 2,―the balanced model‖ contained a much larger initial sulfate concentration (2.10 
mM) compared to model 1 (0.2 mM). Therefore, many sulfate salts became significant in the 
mineral assemblages through both GWB and FREZCHEM. Sulfate minerals precipitated as a 
large variety of phases; gypsum, mirabilite, epsomite, anhydrite, hexahydrite and kieserite (Fig 
2- 2). Mirabilite was not precipitated during evaporation with FREZCHEM, unlike GWB (Fig. 2-
2). This was one of the major discrepancy between FREZCHEM 14 and GWB. Additionally, 
other minerals like halite (NaCl) and hexahydrite (MgSO4.6H2O) were not observed through 
evaporation with the FREZCHEM model due to another limitation of the FREZCHEM model. 
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Indeed, while the GWB simulation ended at a mass of water of ~0.01 g, the FREZCHEM 
simulation ended before 0.1 g mass of water and prior to the precipitation concentration of many 
soluble salts as halite and hexahydrite (Fig. 2-2).      
  The model 3 ―sulfate and magnesium rich‖ showed a great variation and abundance of sulfate 
minerals like gypsum, mirabilite, epsomite, anhydrite, hexahydrite, bloedite and kieserite, as this 
model sustained the highest initial SO4
-
 concentration (5.3 mM, Fig 2-3). Similarly, the high 
initial concentration of Mg
2+
 (6.4 mM) was the reason behind the domination of Mg-minerals 
that were highly apparent in the salt assemblages. The Mg-minerals that precipitated included 
Mg-perchlorates (Mg(ClO4)2.4H2O and Mg(ClO4)2.6H2O), Mg-chlorates (Mg(ClO3)2.4H2O and 
Mg(ClO3)2.6H2O) and finally Mg-chlorides (bischofite—MgCl2.6H2O and MgCl2.12H2O).  The 
initial enrichment of SO4
-
 along with Mg
+2
 in this model resulted in the formation of several Mg-
sulfate minerals as epsomite, hexahydrite, bloedite and kieserite (Fig 2-3). In addition, this also 
influenced the results of the freezing pathway (Fig 2-4C), with the observed precipitation of 
meridianiite (MgSO4.11H2O) with a significant concentration of 1.5 g mass of mineral as well as 
MgCl2.12H2O. However, this highly hydrated chloride mineral was deposited only in small 
amounts of 0.11 g and late in the simulation due to the very high solubility of chloride salts. 
Bischofite also deposited very late through the evaporation of GWB due to its extreme solubility 
(Fig 2-3A).  
  Activity of water and environmental implications of the cold brines on Mars 
Despite the abundant orbital and in situ observations for water activity on early Mars, there 
is no clear evidence for liquid water on present-day Mars. Several studies have identified 
features currently related to possible liquid solutions, including the Recurrent Slope Lineae 
(McEwen et al., 2011) and the droplets on the feet of the Phoenix lander (Renno et al., 2009). 
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Mars is too cold and dry to permit pure liquid water on its surface and shallow subsurface, but 
the presence of soluble salts in the regolith suggests brines which exhibit significantly lower 
eutectic temperatures and evaporation rates (Chevrier and Altheide, 2008; Hanley et al., 2012). 
The Phoenix lander has so far acquired the most complex set of results characterizing soluble 
salts in the surface and subsurface of the Martian environment, with a special emphasis on the 
various possible phases of water and their interactions with the regolith. However, the case of 
liquid has not been studied in detail to determine the nature and stability of liquid solutions in the 
regolith.  Thus, in our study we did not only determine the solid precipitated phases through 
freezing and evaporation scenarios, but also we determined the residual liquid compositions and 
their related water activity. 
  Our results show that a non direct freezing of the residual solutions after evaporation 
resulting in lower water activity that leads to very low freezing temperatures (Fig. 2-6 & 2-7).  
Down to about 0.001 kg of solution left (99.9% water lost) (Fig. 2-6B & 2-7B), the activity of 
water drops down to ~ 0.31 by freezing the residuals after evaporation through FREZCHEM (Fig 
2-6B) and ~ 0.25 by freezing the residuals after evaporation through GWB (Fig. 2-7B). Such 
decrease of activity results in lower freezing temperatures of the residual brine solution, down to 
approximately 127 K for the residuals by FREZCHEM (Fig.2-6B) and 110 K for the residuals by 
GWB (Fig. 2-7B). However, these low temperature solutions are very minor (Fig. 2-6C & 2-7C), 
i.e. they represent a tenth of the total salt mass.  These pervious observations are almost identical 
for model 1, 2 and 3, as they are essentially controlled by the most soluble phases (Basically 
soluble sulfates, chlorates and some chlorides) that precipitate at the end of each simulation, 
which are relatively similar between each model. 
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 Figure 2-6B & 2-7B show a variety of salts precipitating along with the activity of water 
line after evaporation path by GWB and FREZCHEM using model 1 initial concentrations 
(Hecht et al., 2009).  Our results also show that while brines can form relatively easily on the 
surface of Mars (Fig. 2-6B & 2-7B), forming significant quantities of them remains a challenge. 
Modeling results show the amounts of liquids formed at very low temperature are extremely 
small and would probably result in minute disseminated droplet in contact with salt assemblages. 
The total amount of soluble salt in the regolith controls the amount of possible liquid. Therefore, 
significant amounts of liquid could only form in areas where the amount of salt is significantly 
higher than at the Phoenix landing site. This also poses a problem for the formation of the RSL 
features, which would still require significant amounts of salt and ice to melt. This probably 
limits the possible salts responsible for their formation to the more common ones (sulfates, some 
chlorides). Therefore, if low temperature liquid brines are relatively easy to form, their volumes 
remain limited to trace amounts in the regolith. These results have significant implications for 
the potential presence of life in the regolith. Even if Martian life could support the very low 
temperatures and low water activity of the liquid formed, the major problem they would face is 




                     
                            
                             
Figure 2-6. Thermodynamic modeling of liquid brines measured by the WCL instrument 
onboard Phoenix using FREZCHEM, A. Concentration of ions in a solution, B. Corresponding 
water activity and solution freezing temperatures of  brine residuals after evaporation using 







                       
                              
                              
Figure  2-7. Thermodynamic modeling of liquid brines measured by the WCL instrument 
onboard Phoenix using GWB, A. Concentration of ions in a solution, B. Corresponding water 
activity and solution freezing temperatures of  brine residuals after evaporation using model 1, 







F.  Conclusions    
In this paper we performed modeling simulations of the WCL solutions using GWB and 
FREZCHEM. This goal was achieved by applying three different models of initial ionic 
concentrations through two main pathways: freezing and evaporation. Generally, the results of 
the three models through freezing and evaporation showed precipitation of common major 
minerals: magnesium chlorate hexahydrate (Mg(ClO3)2·6H2O), gypsum (CaSO4·2H2O) and 
potassium perchlorate (KClO4). On the other hand, some precipitated minerals were typical of 
the precipitation pathway and could therefore be used as proxies. For instance, precipitation of 
highly hydrated salts such as meridianiite (MgSO4.11H2O) and MgCl2. 12H2O indicated freezing, 
while deposition of the low hydrated slats as anhydrite, epsomite, Mg(ClO3)2·4H2O and 
Mg(ClO4)2·H2O indicated evaporation. Ca(ClO3)2.2H2O was an unexpected phase through 
evaporation in GWB simulations (Fig 2-1A) and due to the high initial concentration of ClO3
-
 
ion. The absence of Ca-perchlorate in the simulations was due to two major low-solubility sinks: 
KClO4 for ClO4
-
 and gypsum for Ca
2+
. This suggest either a much dryer environment at the 
Phoenix landing site, or that Ca-perchlorates remained physically isolated from other phases, 
preventing any re-equilibrium. Alternatively, another limitation of our approach is that the 
minerals must precipitate through thermodynamic equilibrium and this does not allow different 
kinetics of precipitation. Chlorides were commonly precipitated at the very end of the simulation 
as they are highly soluble minerals. Finally, we can relate our results to the Martian environment 
by specifying the Mars-relevant minerals that would exist at the Phoenix landing site at the 
temperatures used in our modeling. Our results, specifically on  freezing, allow us to predict the 
Mars-relevant salts at low temperatures (down to ~173.15 K). Meridianiite could exist in the 







 ions. Similarly, CaClO3.2H2O might exist in the regolith when 
the concentration of ClO3
-
 ion is high enough. On the other hand, some minerals generally exist 
in the soil relatively independently from the initial concentration or the precipitation pathway. 
Based on our results these minerals are from different groups of salts but include gypsum 
(sulfates), KClO4 (perchlorate) and finally MgClO3.6H2O (chlorate). Consequently, chlorate salts 
might exist in concentrations similar to perchlorate and be ubiquitous in the Martian regolith. 
Finally, in term of habitability of Mars, at the very low temperatures of the Martian surface and 
the low water activity of the liquids formed, life forms might survive but their main challenge 
would be to get in contact with the small drops of the stable liquids in the regolith. 
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III.  Thermodynamic Modeling of the Deliquescence of Perchlorate/Chloride Salt 
Mixtures Using Geochemist’s Workbench (GWB) : Application to The Martian Soil 
Chemistry 
A. Abstract  
 Perchlorate salts were recently discovered on Mars and are known to absorb water vapor 
from the atmosphere and deliquesce into the aqueous phase. Other species such as chlorides (Cl
-
) 
were also discovered on Mars and could affect the deliquescence of perchlorates.  Here we study 
the perchlorate/chloride binary salt mixtures of KClO4/KCl at 298 K and 253 K, 
Ca(ClO4)2/CaCl2 , and Mg(ClO4)2/MgCl2 at 253, 243 and 233 K. we determined the 
Deliquescence Relative Humidity (DRH) and the Eutonic Relative Humidity (RHeut) for the three 
binary salt mixtures using Geochemist’s Workbench (GWB) software.  Our modeling results 
show that the DRH values for all mixtures were generally increased with decreasing temperature.  
Also, a highly hydrated forms usually observed at low temperatures at all cases as 
Ca(ClO4)2•8H2O and Antarcticite (CaCl2•6H2O) in case of Ca(ClO4)2/CaCl2 salt mixture and 
Mg(ClO4)2•6H2O and MgCl2•12H2O in case of Mg(ClO4)2/MgCl2 salt mixture. The 
Deliquescence Relative Humidity values of all salt mixtures appear to be lower than that of each 
individual salt at a fixed temperature. However, a discrepancy between our model predictions 
and previous studied experimental data for the corresponding binary mixtures were found.  The 
main discrepancy appears in the relative humidity values and the salt compositions at the eutonic 
point.  This is due to deficiency of some temperature and pressure dependencies in the model 
database which is essential to effectively describe brine chemistry formed by deliquescence of 








) salts were recently discovered in Martian arctic region by the Phoenix 
lander (Hecht et al., 2009; Cull et al., 2010). Perchlorates are deliquescent salts that can absorb 
water vapor from the atmosphere and they considered one of the reasons for the formation of 
brines across the Martian surface (McEwen et al., 2011; Chevrier and Rivera-Valentin, 2012; 
Martín-Torres et al., 2015, Ojha et al., 2015). It has been found that the present-day activity of 
equatorial recurring slope lineae (RSL) accredited to seasonal flow of perchlorate brines (Ojha et 
al., 2015). Deliquescence of individual perchlorate salts has been well studied through 
experiments by (Gough et al., 2011). Nevertheless, the effect of other species that found in the 






) on deliquescence of 
perchlorates is not well studied yet. These different species might influence the deliquescence of 
perchlorates. Therefore, studying binary salt mixtures of perchlorates and other salts is important 
to understand its effect on deliquescence of perchlorates and how this is pertinent to the Martian 
regolith. Indeed, like for eutectic temperatures, the deliquescence of binary mixtures of salts 
should be lower than for individual salts. Chlorides were also found at the Phoenix landing site 
(Hecht et al., 2009) and studying its effect on the deliquescence of perchlorates will help to 
understand the conditions of aqueous brines formation and their stability on Mars.  
Experimental studies of the effect of humidity on different binary salt mixtures have been well 
established by (Tang and Munkelwitz, 1993; Tang, 1997; Carrolletal., 2005; Yangetal., 2006) 
and for perchlorates/chlorides binary salt mixture by (Gough et al., 2014). However, theoretical 
studies of binary mixtures are scarce and not well established yet. Here we aim to establish a new 
frame work for a theoretical study of binary salt mixtures of chlorides/perchlorates using 
equilibrium thermodynamic modeling software called Geochemist’s Work Bench (GWB). We 
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will use GWB as never used before to determine; the Deliquescence Relative Humidity (DRH) 
of each pure salt (at which complete deliquescence will occur), the Eutonic Relative Humidity 
(RHeut) (at which formation of aqueous phase of a binary mixture starts) and finally the eutonic 
concentrations (the concentration at which aqueous solution starts to form). Salt mixtures that 
incorporated in our study are Ca(ClO4)2/ CaCl2, Mg(ClO4)2/ MgCl2 at 253, 243 and 233 K and 
KClO4/ KCl at 298 and 253K. 
 
C. Methodology 
 In this work we are modeling the deliquescence (transfer solid into aqueous by absorbing 
moisture from the atmosphere) and efflorescence (deposition of the aqueous solution by 
spontaneous water loss) of the following 3-salt mixtures: KClO4/KCl at 298 K and 253 K, 
Ca(ClO4)2/CaCl2 , and Mg(ClO4)2/MgCl2 at 253, 243 and 233 K. In order to achieve this goal we 







)] on the Deliquescence Relative Humidity (DRH) of these 
mixtures; when they start to absorb moisture from the atmosphere. Neither GWB or any other 
thermodynamic model is able to do direct calculation of salt equilibriums by varying humidity, 
thus we used the inverse approach of GWB. Rather than starting from a pure salt and increasing 
humidity (direct deliquescence), we started from a liquid solution; we decreased the amount of 
water through evaporation pathway till reach the salt line (indirect efflorescence) (Fig 3-1). 
Although previous experiments showed there is a hysteresis between deliquescence (RH 
increases) and efflorescence (RH decreases), from a thermodynamic point of view both 
processes are identical. Thus, for a fixed temperature, we calculate the evaporation (indirect 









where mClO4- is the moles of perchlorate ion and mCl
-
 is the moles of chloride ion. 
Subsequently, we record the dominant salt and the water activity (=DRH at equilibrium) at this 
step, then, we repeat the simulation for various mol ratios. This basically corresponds to a slice 
on the phase diagram—See Grey Column Fig 3-1. Although time consuming, this method can be 
used with various numerical codes (FREZCHEM in particular for deliquescence below 0ºC). 
 
      
Figure 3-1. Schematic diagram demonstrate salt pathway through deliquescence (Red), 
efflorescence (blue) and evaporation (black), grey area correspond to a repeated slice of the 




D. Results  
 The deliquescence behavior of salt mixtures of Ca(ClO4)2/CaCl2 , Mg(ClO4)2/MgCl2 and 
KClO4/KCl  is shown in Fig. 3-2, 3-3 and 3-4, respectively. The results designed as a plot of 






)) of each salt mixture 
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where mClO4- is the moles of perchlorate ion and mCl
-
 is the moles of chloride ion. In each plot 
the values of the Deliquescence Relative Humidity (DRH) for the two pure salts (ex: Ca(ClO4)2 












)] = 100. The 
DRH for each pure salt decreases through the Deliquescence Relative Humidity Line (DRHL) 
until reach the minimum aqueous concentration that is known as the Eutonic Relative Humidity 
(ERH). Below the ERH the salt mixture exist in a solid phase and above this point complete 
deliquescence of the salt mixture (total transfer from solid phase to an aqueous phase) appears—
Fig 3-2, 3-3 and 3-4.  
 Ca(ClO4)2/CaCl2 and Mg(ClO4)2/MgCl2 salt mixtures have been  modeled at three different 
temperatures 233, 243 and 253K—Fig 3-2 and 3-4. The dominant salts that precipitated through 
the simulation at these temperatures are Ca(ClO4)2•8H2O with Antarcticite (CaCl2•6H2O) in case 
of Ca(ClO4)2/CaCl2 salt mixture and Mg(ClO4)2•6H2O with MgCl2•12H2O in case of 
Mg(ClO4)2/MgCl2 salt mixture. The DRH of pure Ca(ClO4)2•8H2O at 253 K found to be about 
77.4% RH and that for pure CaCl2•6H2O is about 32.3% . The Eutonic RH at the same 
temperature is about 28.9% with eutonic concentrations: 80% CaCl2 and 20% Ca(ClO4)2—Fig 3-
2A. Similarly, at temperature of 243 K the DRH of pure Ca(ClO4)2•8H2O is about 75%  and  for 
pure CaCl2•6H2O is 33.6% with Eutonic RH of about 30.7% at 80% CaCl2 and 20% Ca(ClO4)2 
eutonic concentration—Fig 3-2B. When the temperature was decreased to233 K, the DRH of 
pure Ca(ClO4)2•8H2O and CaC\l2•6H2O increased  respectively to about  85% RH and 62.6% . 
The decrease in the temperature to 233 K is also correspond to an increase in the Eutonic RH to 
61.2% with eutonic concentrations of 80% CaCl2 and 20% Ca(ClO4)2—Fig 3-2C. 
In the case of Mg(ClO4)2/MgCl2 salt mixture, at temperature of 253 K, the DRH of pure 
Mg(ClO4)2•6H2O found to be 79.7% RH and that for pure MgCl2•12H2O is about 86.6%. At the 
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same temperature, the Eutonic RH is 78.18% with eutonic concentrations: 25% MgCl2 and 75% 
Mg(ClO4)2—Fig 3-3A. At 243 K, the DRH of pure Mg(ClO4)2•6H2O is 82.9%  and  for pure 
MgCl2•12H2O is 90.5% with Eutonic RH of about 81.7% at 20% MgCl2 and 80% Mg(ClO4)2 
eutonic concentration—Fig 3-3B. By decreasing the temperature to 233 K, the DRH of pure 
Mg(ClO4)2•6H2O is about 90.6% RH and that for pure MgCl2•12H2O is 96.2% , where the 
Eutonic RH increases to 89.92% with eutonic concentrations of 9% MgCl2 and 91% Mg(ClO4)2 
—Fig 3-3C.  
KClO4/KCl salt mixture has been modeled at temperatures of 298 and 253 K—Fig 3-4.  At 298 
K, the DRH of pure KClO4 is found to be 99.4% RH and that for pure KCl is about 84.32%. The 
Eutonic RH at 298 K is 84.1% with eutonic concentrations: 96% KCl and 4% KClO4—Fig 3-4A. 
At temperature of 253 K, the DRH of pure KClO4 is 99.4% and for pure KCl is 91.2% with 










                                  
                                             
                                                           
Figure 3-2 Thermodynamic modeling of deliquescence of CaCl2/Ca(ClO4)2 salt mixture at A) 
253 K  B) 243 K and C)233 K. The red line represents Ca(ClO4)2•8H2O , the blue line represents 






                                    
                               
                               
                               
Figure 3-3 Thermodynamic modeling of deliquescence of MgCl2/Mg(ClO4)2 salt mixture at A) 







                              
                              
Figure 3-4 Thermodynamic modeling for deliquescence of KCl/KClO4 salt mixture at A) 298 K  













E.  Discussion 
 The humidity phase transitions of several binary salt mixtures of CaCl2/Ca(ClO4)2, 
MgCl2/Mg(ClO4)2 and KCl/KClO4, are plotted in figures 3-2, 3-3 and 3-4, respectively. For each 
binary mixture graph, at high RH values and above the DRH curve, both salts present in aqueous 
phase. When taking water out of the system via evaporation (lowering the RH) using GWB, the 
DRH decreases until full crystallization of both salts take place and reach the thermodynamic 
eutonic relative humidity value (RHeut) for their mixture. At this point, the solid phases exist in 
equilibrium with the aqueous phases. Through varying the mole fraction of each salt the RH 
around the 2-phase mixture changes and the ratio of aqueous to solid salt will change 
accordingly. At low RH values both mixtures are consists entirely of a solid phase which 
contains the same salt mole ratio of the aqueous phase. The composition of these solids is a 
mixture of each original salt (chloride and perchlorate). The final humidity at which complete 
deliquescence occurs depends on the initial composition of the solid mixture. The previous 
explanation of the salt mixtures diagram is based on the thermodynamic theory and is only valid 
to phase transitions that arise when the RH is increased around a salt mixture. 
Salt mixtures at the eutonic concentration appear to have low DRH values compared to the 
DRH of each individual salt at a fixed temperature. For instance, at 253K; the DRH of 
Ca(ClO4)2/CaCl2 binary mixture is 28.9% at the eutonic concentration which is below the DRH 
of 77.4% and 32.3% for both Ca(ClO4)2•8H2O and CaCl2•6H2O, respectively. Similarly, in 
MgCl2/Mg(ClO4)2 salt mixture; the DRH at the eutonic concentration is 78.18% compared to the 
DRH of 79.7% and 86.6% for each pure salt Mg(ClO4)2•6H2O and MgCl2•12H2O, respectively. 
We also observe that presence of more deliquescent salt such as KCl cause aqueous solution to 
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form at a RH value far below the DRH of the less deliquescent salt as KClO4. This aspect of salt 
mixtures is more relevant to the Martian soil where mixtures of salts coexist.  
For all temperatures studied, it has been found that decreasing temperatures within the 
binary mixtures is consistent with change of the hydration states of theses salts (higher hydrates 
are form at low temperatures). As the Ca(ClO4)2•8H2O and Antarcticite (CaCl2•6H2O) in case of 
Ca(ClO4)2/CaCl2 salt mixture and Mg(ClO4)2•6H2O and MgCl2•12H2O in case of 
Mg(ClO4)2/MgCl2 salt mixture. Also, we found that the deliquescence of binary salt mixtures of 
KClO4/KCl and Mg(ClO4)2/MgCl2 are slightly dependent on temperature, while the 
deliquescence of Ca(ClO4)2/CaCl2 is considerably dependent on temperature—Fig 3-5A, B and 
C. The DRH of pure KClO4/KCl slightly increases with decreasing temperature from 99.4% at 
298 K to 99.8% at 253 K, as well as the RHeut increases from 84.1% at 298 K to 91.2% at 253 
K—Fig 3-5A. In the same way, The DRH of Mg(ClO4)2/MgCl2 also increases with decreasing 
temperature from 82.9% at 253 K to 90.6% at 233 K a long with increase of the RHeut from 
78.1% at 253 K to 89.9% at 223 K—Fig 3-5C. In the case of Ca(ClO4)2/CaCl2 mixture the DRH 
of the salt solutions show significant increases from 50.9% at 273K to 84.9% at 233 K and the 
RHeut also show drastic increases from 26.5% at 273 K to 61.2% at 233 K—Fig 3-5B. These 







can exist as metastable, supersaturated solutions over a broad range of temperatures and RH 
environment and could exist in aqueous form for several hours per day on the Martian surface. 
They also might be responisible for the increment growth of Recurring Slope Lineae (RSL) 





Modeling Deliquescence Vs. Experimental  




 chloride/perchlorate binary salt mixtures have been 
experimently studied by Gough et al., 2014. However the Ca(ClO4)2/CaCl2 binary salt mixture 
never experimentaly studied before. There is a big discrepancy between our model predictions 
and the experimental data particularly in the relative humidity values and the composition at the 
eutonic point. When comparing our modeling results to the experimental one in case of 
KCl/KClO4 (at 253 K), our results show eutonic RH = 91.2%, eutonic concentration: essentially 
99.7%  KCl and 0.3% KClO4, while the experimental data show eutonic RH = 82%, eutonic 
concentration: 60%  KCl and 40%  KClO4. The same discrepancy occure with MgCl2/Mg(ClO4)2 
(at 243 K), the modeling results show eutonic RH = 89.9%, eutonic concentration: essentially 
9%  MgCl2 and 91% Mg(ClO4)2 and the experimental data found: eutonic RH = 28%, eutonic 
concentration: 80% MgCl2 and 20% Mg(ClO4)2. 
  Although there are discrepancies in the absolute RH and solution compositions, both 
experiment and model exhibit similar trends where the DRH increases with temperature 
decrease. The comparison of our model predictions and experimental results of relative humidity 
and solution compositions for the KClO4/KCl and Mg(ClO4)2/MgCl2 binary mixtures indicate 
that probably some parameters used in the model do not adequately describe brine chemistry 
formed by deliquescence of these salt mixtures. Thus, we will discuss the reasons behind the 
discrepancies between experimental results and model predictions through clarifying the basics 
of the model used in these simulations.  
 GWB is a chemical equilibrium thermodynamic model parameterized for solving problems 
with aqueous geochemistry. It applies Pitzer equations (Pitzer, 1991; Pitzer 1995) to calculate 
the equilibrium states of natural waters and activity of water. The brines formed by the 
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deliquescence of hygroscopic salts can be calculated from mixtures of the pure phases using 
equilibrium thermodynamics, where relative humidity is related to the activity of water and 
solution composition. That is what brought the idea of using equilibrium thermodynamic model 
as GWB to predict the deliquescence of binary salt mixtures.  In aqueous geochemical 
environments, pressure plays an important role in controlling the activity of water, particularly at 
low temperatures. Introduction of pressure into a chemical thermodynamic model as GWB 
require a consideration of important of volumetric properties such as partial molar volumes, 
solubility products, activity coefficients and density that also must be quantified as functions of 
temperature. However, thermodynamic models as GWB fail to extrapolate such important 
parameters for the deliquescence of brines at low temperatures (0 °C or less) as revealed by our 
modelling data.  We believe that the deliquescence of such binary mixtures at low temperatures 
is controlled by salt mineral nucleation instead of equilibrium thermodynamics. Accordingly, 
temperature and pressure dependency parameters are necessarily needed to accurately model and 
describe the relative humidity and the solution composition near the eutonic. Furthermore, it is 
essential to conduct more experimental studies to assist in quantifying the geochemical models 





                              
                              
                              
Figure 3-5 The humidity phase transitions of several binary salt mixtures A) KCl/KClO4, B) 








 F.  Conclusions 
 In this work we determined the Deliquescence Relative Humidity (DRH) and the Eutonic 
Relative Humidity (RHeut) values for different binary salt mixtures [Ca(ClO4)2/ CaCl2, 
Mg(ClO4)2/ MgCl2 and KClO4/ KCl] over a broad range of temperatures using Geochemist’s 
Work Bench (GWB). Deliquescence of perchlorate/chloride binary salt mixtures is potentially 
relevant for Martian regolith, particularly, at the phoenix landing site. The measured DRH values 
for all salts were generally increased with decreasing temperature and a highly hydrated forms of 
different salts were observed at low temperatures as Ca(ClO4)2•8H2O and Antarcticite 
(CaCl2•6H2O) in case of Ca(ClO4)2/CaCl2 salt mixture and Mg(ClO4)2•6H2O and MgCl2•12H2O 
in case of Mg(ClO4)2/MgCl2 salt mixture. 
The DRH of all salt mixtures is lower than DRH value of each individual salt at a fixed 
temperature. As illustrated in Ca(ClO4)2/CaCl2 binary mixture , at 253K, the DRH  % at the 
eutonic concentration is 28.9 which is below the DRH of 77.4% and 32.3% for both individual 
salts Ca(ClO4)2•8H2O and CaCl2•6H2O, respectively. However, a discrepancy between 
experimental data and our model predictions for the relative humidity values and the 
composition at the eutonic point were observed.  This discrepancy is due to lack of temperature 
and pressure dependencies used in the model that wasn’t able to effectively describe brine 
chemistry formed by deliquescence of the corresponding salt mixtures. 
 






G.  References  
Carroll, S., Craig, L., & Wolery, T. J. (2005). Deliquescence of NaCl–NaNO3, KNO3–NaNO3,  
 and NaCl–KNO3 salt mixtures from 90 to 120 C. Geochemical Transactions, 6(2), 19. 
 
Chevrier,V.F., RiveraValentin,E.G.,2012.Formation of recurring slope lineae by liquid brines on  
 present-dayMars.GRL39(21),L21202. 
 
Cull, S. C., Arvidson, R. E., Catalano, J. G., Ming, D. W., Morris, R. V., Mellon, M. T., &  
Lemmon, M. (2010). Concentrated perchlorate at the Mars Phoenix Landing site: Evidence 
for thin film liquid water on mars.Geophysical Research Letters, 37(22). 
 
Gough,R.V.,Chevrier,V.F.,Baustian,K.J.,Wise,M.E.,Tolbert,M.A.,2011.Labo ratory studies of  
 perchlorate phase transitions: Support for metastable aqueous perchlorate solutions on  
 Mars. Earth Planet.Sci.Lett.312(3–4),371–377. 
 
Gough, R. V., Chevrier, V. F., & Tolbert, M. A. (2014). Formation of aqueous solutions on Mars  
 via deliquescence of chloride–perchlorate binary mixtures.Earth and Planetary Science  
 Letters, 393, 73-82. 
 
Hecht, M. H., Kounaves, S. P., Quinn, R. C., West, S. J., Young, S. M. M., Ming, D. W., ... &  
 Smith, P. H. (2009). Detection of perchlorate and the soluble chemistry of martian soil at  
 the Phoenix lander site. Science, 325(5936), 64-67.  
 
Martín-Torres, F. J., Zorzano, M. P., Valentín-Serrano, P., Harri, A. M., Genzer, M., Kemppinen,  
 O., ... & Vaniman, D. (2015). Transient liquid water and water activity at Gale crater on  
 Mars. Nature Geoscience. 
 
McEwen, A. S., Ojha, L., Dundas, C. M., Mattson, S. S., Byrne, S., Wray, J. J., ... & Gulick, V.  
 C. (2011). Seasonal flows on warm Martian slopes. Science,333(6043), 740-743. 
 
Ojha, L., Wilhelm, M. B., Murchie, S. L., McEwen, A. S., Wray, J. J., Hanley, J., ... &  
Chojnacki, M. (2015). Spectral evidence for hydrated salts in recurring slope lineae on  
Mars. Nature Geoscience. 
 
Pitzer K. S. (1991) Ion interaction approach: Theory and data correlation. In Activity 
Coefficients  
in  Electrolyte Solutions., 2nd ed (K.S. Pitzer) pp. 75–153, CRC Press. 
 
Pitzer K. S. (1995) Thermodynamics. 3rd ed McGraw-Hill. 
 
Tang,I.,1997.Thermodynamic and optical properties of mixed-salt aerosols of at mospheric  
importance .J.Geophys.Res.102(D2),1883–1893. 
 
Tang,I.,Munkelwitz,H.,1993.Composition And temperature dependence of the deliquescence  




Yang, L., Pabalan, R. T., & Juckett, M. R. (2006). Deliquescence relative humidity  
measurements using an electrical conductivity method. Journal of solution  















H.  Supplementary Information 
Data obtained during conductivity experiments : 
A) Table 3-1: KCl/KClO4 binary mixture at 298K 
 
wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase DRH
KCl KClO4 KCl KClO4 K+ Cl- ClO4- aH2Osat aH2Osat % aH2Osat
10 90 0.134136 0.577415 84.569 26.827 57.741 0.9984 99.84 KClO4 0.9122
20 80 0.268273 0.505238 90.765 40.241 50.524 0.9981 99.81 KClO4 0.9122
30 70 0.402409 0.433061 96.961 53.655 43.306 0.9977 99.77 KClO4 0.9122
40 60 0.536545 0.360884 103.157 67.068 36.088 0.9973 99.73 KClO4 0.9122
50 50 0.670682 0.288707 109.353 80.482 28.871 0.9969 99.69 KClO4 0.9122
60 40 0.804818 0.216531 115.549 93.895 21.653 0.9965 99.65 KClO4 0.9122
70 30 0.938955 0.144354 121.744 107.309 14.435 0.9961 99.61 KClO4 0.9122
80 20 1.073091 0.072177 127.940 120.723 7.218 0.9949 99.49 KClO4 0.9122
90 10 1.207227 0.036088 131.038 127.430 3.609 0.992 99.2 KClO4 0.9122
95 5 1.274295 0.028871 131.658 128.771 2.887 0.991 99.1 KClO4 0.9122
96 4 1.287709 0.028149 131.720 128.905 2.815 0.9909 99.09 KClO4 0.9122
96.1 3.9 1.289050 0.027427 131.782 129.039 2.743 0.9907 99.07 KClO4 0.9122
96.2 3.8 1.290392 0.026705 131.844 129.173 2.671 0.9905 99.05 KClO4 0.9122
96.3 3.7 1.291733 0.025984 131.906 129.307 2.598 0.9904 99.04 KClO4 0.9122
96.4 3.6 1.293075 0.025262 131.968 129.442 2.526 0.9902 99.02 KClO4 0.9122
96.5 3.5 1.294416 0.024540 132.030 129.576 2.454 0.99 99 KClO4 0.9122
96.6 3.4 1.295757 0.023818 132.092 129.710 2.382 0.9898 98.98 KClO4 0.9122
96.7 3.3 1.297099 0.023097 132.154 129.844 2.310 0.9896 98.96 KClO4 0.9122
96.8 3.2 1.298440 0.022375 132.216 129.978 2.237 0.9894 98.94 KClO4 0.9122
96.9 3.1 1.299781 0.021653 132.278 130.112 2.165 0.9892 98.92 KClO4 0.9122
97 3 1.301123 0.020931 132.340 130.246 2.093 0.9889 98.89 KClO4 0.9122
97.1 2.9 1.302464 0.020210 132.401 130.381 2.021 0.9886 98.86 KClO4 0.9122
97.2 2.8 1.303805 0.019488 132.463 130.515 1.949 0.9884 98.84 KClO4 0.9122
97.3 2.7 1.305147 0.018766 132.525 130.649 1.877 0.9881 98.81 KClO4 0.9122
97.4 2.6 1.306488 0.018044 132.587 130.783 1.804 0.9877 98.77 KClO4 0.9122
97.5 2.5 1.307830 0.017322 132.649 130.917 1.732 0.9874 98.74 KClO4 0.9122
97.6 2.4 1.309171 0.016601 132.711 131.051 1.660 0.987 98.7 KClO4 0.9122
97.7 2.3 1.310512 0.015879 132.773 131.185 1.588 0.9867 98.67 KClO4 0.9122
97.8 2.2 1.311854 0.015157 132.835 131.319 1.516 0.9862 98.62 KClO4 0.9122
97.9 2.1 1.313195 0.014435 132.897 131.454 1.444 0.9857 98.57 KClO4 0.9122
98 2 1.314536 0.013714 132.959 131.588 1.371 0.9852 98.52 KClO4 0.9122
98.1 1.9 1.315878 0.012992 133.021 131.722 1.299 0.9847 98.47 KClO4 0.9122
98.2 1.8 1.317219 0.012270 133.083 131.856 1.227 0.9841 98.41 KClO4 0.9122
98.3 1.7 1.318560 0.011548 133.145 131.990 1.155 0.9833 98.33 KClO4 0.9122
98.4 1.6 1.319902 0.010827 133.207 132.124 1.083 0.9825 98.25 KClO4 0.9122
98.5 1.5 1.321243 0.010105 133.269 132.258 1.010 0.9816 98.16 KClO4 0.9122
98.6 1.4 1.322585 0.009383 133.331 132.393 0.938 0.9807 98.07 KClO4 0.9122
98.7 1.3 1.323926 0.008661 133.393 132.527 0.866 0.9795 97.95 KClO4 0.9122
98.8 1.2 1.325267 0.007939 133.455 132.661 0.794 0.978 97.8 KClO4 0.9122
98.9 1.1 1.326609 0.007218 133.517 132.795 0.722 0.9763 97.63 KClO4 0.9122
99 1 1.327950 0.006496 133.579 132.929 0.650 0.9744 97.44 KClO4 0.9122
99.1 0.9 1.329291 0.005774 133.641 133.063 0.577 0.9717 97.17 KClO4 0.9122
99.2 0.8 1.330633 0.005052 133.703 133.197 0.505 0.9682 96.82 KClO4 0.9122
99.3 0.7 1.331974 0.004331 133.765 133.332 0.433 0.9636 96.36 KClO4 0.9122
99.4 0.6 1.333315 0.003609 133.827 133.466 0.361 0.9557 95.57 KClO4 0.9122
99.5 0.5 1.334657 0.002887 133.889 133.600 0.289 0.9401 94.01 KClO4 0.9122
99.6 0.4 1.335998 0.002165 133.950 133.734 0.217 0.9122 91.22 Sylvite 0.9122
99.7 0.3 1.337340 0.001444 134.012 133.868 0.144 0.9122 91.22 Sylvite 0.9122
99.8 0.2 1.338681 0.000722 134.074 134.002 0.072 0.9122 91.22 Sylvite 0.9122
99.9 0.1 1.340022 0.064959155 0.9123 91.23 Sylvite 0.9122 1.34080599 0.999515522 99.95155216
0.000649592 134.0805995 134.0156403 0.057741471 0.9123 91.23 Sylvite 0.9122 1.34086795 0.999569372 99.95693724
0.000577415 134.0867954 134.0290539 0.050523787 0.9123 91.23 Sylvite 0.9122 1.34092991 0.999623218 99.96232183
0.000505238 134.0929914 134.0424676 0.043306103 0.9123 91.23 Sylvite 0.9122 1.34099187 0.999677059 99.96770592
0.000433061 134.0991873 134.0558812 0.03608842 0.9123 91.23 Sylvite 0.9122 1.34105383 0.999730895 99.97308951
0.000360884 134.1053833 134.0692948 0.028870736 0.9123 91.23 Sylvite 0.9122 1.34111579 0.999784726 99.9784726
0.000288707 134.1115792 134.0827085 0.021653052 0.9123 91.23 Sylvite 0.9122 1.34117775 0.999838552 99.9838552
0.000216531 134.1177752 134.0961221 0.014435368 0.9123 91.23 Sylvite 0.9122 1.34123971 0.999892373 99.98923729
0.000144354 134.1239711 134.1095358 0.007217684 0.9123 91.23 Sylvite 0.9122 1.34130167 0.999946189 99.9946189
7.21768E-05 134.1301671 134.1229494 0.006495916 0.9123 91.23 Sylvite 0.9122 1.34130787 0.99995157 99.99515703
6.49592E-05 134.1307867 134.1242908 0.005774147 0.9123 91.23 Sylvite 0.9122 1.34131406 0.999956952 99.99569516
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B) Table 3-2: KCl/KClO4 binary mixture at 253K 
 
 
wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase DRH
KCl KClO4 KCl KClO4 K+ Cl- ClO4- aH2Osat aH2Osat % aH2Osat
10 90 0.134136 0.649592 78.373 13.414 64.959 0.9946 99.46 KClO4 0.8411
20 80 0.268273 0.577415 84.569 26.827 57.741 0.9984 99.84 KClO4 0.9122
30 70 0.402409 0.505238 90.765 40.241 50.524 0.9981 99.81 KClO4 0.9122
40 60 0.536545 0.433061 96.961 53.655 43.306 0.9977 99.77 KClO4 0.9122
50 50 0.670682 0.360884 103.157 67.068 36.088 0.9973 99.73 KClO4 0.9122
60 40 0.804818 0.288707 109.353 80.482 28.871 0.9969 99.69 KClO4 0.9122
70 30 0.938955 0.216531 115.549 93.895 21.653 0.9965 99.65 KClO4 0.9122
80 20 1.073091 0.144354 121.744 107.309 14.435 0.9961 99.61 KClO4 0.9122
90 10 1.207227 0.072177 127.940 120.723 7.218 0.9949 99.49 KClO4 0.9122
95 5 1.274295 0.036088 131.038 127.430 3.609 0.992 99.2 KClO4 0.9122
96 4 1.287709 0.028871 131.658 128.771 2.887 0.991 99.1 KClO4 0.9122
96.1 3.9 1.289050 0.028149 131.720 128.905 2.815 0.9909 99.09 KClO4 0.9122
96.2 3.8 1.290392 0.027427 131.782 129.039 2.743 0.9907 99.07 KClO4 0.9122
96.3 3.7 1.291733 0.026705 131.844 129.173 2.671 0.9905 99.05 KClO4 0.9122
96.4 3.6 1.293075 0.025984 131.906 129.307 2.598 0.9904 99.04 KClO4 0.9122
96.5 3.5 1.294416 0.025262 131.968 129.442 2.526 0.9902 99.02 KClO4 0.9122
96.6 3.4 1.295757 0.024540 132.030 129.576 2.454 0.99 99 KClO4 0.9122
96.7 3.3 1.297099 0.023818 132.092 129.710 2.382 0.9898 98.98 KClO4 0.9122
96.8 3.2 1.298440 0.023097 132.154 129.844 2.310 0.9896 98.96 KClO4 0.9122
96.9 3.1 1.299781 0.022375 132.216 129.978 2.237 0.9894 98.94 KClO4 0.9122
97 3 1.301123 0.021653 132.278 130.112 2.165 0.9892 98.92 KClO4 0.9122
97.1 2.9 1.302464 0.020931 132.340 130.246 2.093 0.9889 98.89 KClO4 0.9122
97.2 2.8 1.303805 0.020210 132.401 130.381 2.021 0.9886 98.86 KClO4 0.9122
97.3 2.7 1.305147 0.019488 132.463 130.515 1.949 0.9884 98.84 KClO4 0.9122
97.4 2.6 1.306488 0.018766 132.525 130.649 1.877 0.9881 98.81 KClO4 0.9122
97.5 2.5 1.307830 0.018044 132.587 130.783 1.804 0.9877 98.77 KClO4 0.9122
97.6 2.4 1.309171 0.017322 132.649 130.917 1.732 0.9874 98.74 KClO4 0.9122
97.7 2.3 1.310512 0.016601 132.711 131.051 1.660 0.987 98.7 KClO4 0.9122
97.8 2.2 1.311854 0.015879 132.773 131.185 1.588 0.9867 98.67 KClO4 0.9122
97.9 2.1 1.313195 0.015157 132.835 131.319 1.516 0.9862 98.62 KClO4 0.9122
98 2 1.314536 0.014435 132.897 131.454 1.444 0.9857 98.57 KClO4 0.9122
98.1 1.9 1.315878 0.013714 132.959 131.588 1.371 0.9852 98.52 KClO4 0.9122
98.2 1.8 1.317219 0.012992 133.021 131.722 1.299 0.9847 98.47 KClO4 0.9122
98.3 1.7 1.318560 0.012270 133.083 131.856 1.227 0.9841 98.41 KClO4 0.9122
98.4 1.6 1.319902 0.011548 133.145 131.990 1.155 0.9833 98.33 KClO4 0.9122
98.5 1.5 1.321243 0.010827 133.207 132.124 1.083 0.9825 98.25 KClO4 0.9122
98.6 1.4 1.322585 0.010105 133.269 132.258 1.010 0.9816 98.16 KClO4 0.9122
98.7 1.3 1.323926 0.009383 133.331 132.393 0.938 0.9807 98.07 KClO4 0.9122
98.8 1.2 1.325267 0.008661 133.393 132.527 0.866 0.9795 97.95 KClO4 0.9122
98.9 1.1 1.326609 0.007939 133.455 132.661 0.794 0.978 97.8 KClO4 0.9122
99 1 1.327950 0.007218 133.517 132.795 0.722 0.9763 97.63 KClO4 0.9122
99.1 0.9 1.329291 0.006496 133.579 132.929 0.650 0.9744 97.44 KClO4 0.9122
99.2 0.8 1.330633 0.005774 133.641 133.063 0.577 0.9717 97.17 KClO4 0.9122
99.3 0.7 1.331974 0.005052 133.703 133.197 0.505 0.9682 96.82 KClO4 0.9122
99.4 0.6 1.333315 0.004331 133.765 133.332 0.433 0.9636 96.36 KClO4 0.9122
99.5 0.5 1.334657 0.003609 133.827 133.466 0.361 0.9557 95.57 KClO4 0.9122
99.6 0.4 1.335998 0.002887 133.889 133.600 0.289 0.9401 94.01 KClO4 0.9122
99.7 0.3 1.337340 0.002165 133.950 133.734 0.217 0.9122 91.22 Sylvite 0.9122
99.8 0.2 1.338681 0.001444 134.012 133.868 0.144 0.9122 91.22 Sylvite 0.9122
99.9 0.1 1.340022 0.000722 134.074 134.002 0.072 0.9122 91.22 Sylvite 0.9122
99.91 0.09 1.340156403 0.000649592 134.0806 134.01564 0.064959 0.9123 91.23 Sylvite 0.9122
99.92 0.08 1.340290539 0.000577415 134.0868 134.02905 0.057741 0.9123 91.23 Sylvite 0.9122
99.93 0.07 1.340424676 0.000505238 134.093 134.04247 0.050524 0.9123 91.23 Sylvite 0.9122
99.94 0.06 1.340558812 0.000433061 134.0992 134.05588 0.043306 0.9123 91.23 Sylvite 0.9122
99.95 0.05 1.340692948 0.000360884 134.1054 134.06929 0.036088 0.9123 91.23 Sylvite 0.9122
99.96 0.04 1.340827085 0.000288707 134.1116 134.08271 0.028871 0.9123 91.23 Sylvite 0.9122
99.97 0.03 1.340961221 0.000216531 134.1178 134.09612 0.021653 0.9123 91.23 Sylvite 0.9122
99.98 0.02 1.341095358 0.000144354 134.124 134.10954 0.014435 0.9123 91.23 Sylvite 0.9122
99.99 0.01 1.341229494 7.21768E-05 134.1302 134.12295 0.007218 0.9123 91.23 Sylvite 0.9122
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wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase DRH
MgCl2 Mg(ClO4)2 MgCl2 Mg(ClO4)2  Mg Cl ClO4 aH2Osat aH2Osat% aH2Osat
1 99 0.010503 0.443536 45.404 2.101 88.707 0.906 90.6 Mg(ClO4)2:6H2O 0.8998
2 98 0.021006 0.439056 46.006 4.201 87.811 0.9051 90.51 Mg(ClO4)2:6H2O 0.8998
3 97 0.031509 0.434576 46.609 6.302 86.915 0.9042 90.42 Mg(ClO4)2:6H2O 0.8998
4 96 0.042012 0.430096 47.211 8.402 86.019 0.9033 90.33 Mg(ClO4)2:6H2O 0.8998
5 95 0.052515 0.425616 47.813 10.503 85.123 0.9023 90.23 Mg(ClO4)2:6H2O 0.8998
6 94 0.063018 0.421136 48.415 12.604 84.227 0.9014 90.14 Mg(ClO4)2:6H2O 0.8998
7 93 0.073521 0.416655 49.018 14.704 83.331 0.9004 90.04 Mg(ClO4)2:6H2O 0.8998
8 92 0.084024 0.412175 49.620 16.805 82.435 0.8998 89.98 Mg(ClO4)2:6H2O 0.8998
9 91 0.094527 0.407695 50.222 18.905 81.539 0.9042 90.42 Mg(ClO4)2:12H2O 0.8998
10 90 0.105030 0.403215 50.824 21.006 80.643 0.9087 90.87 Mg(ClO4)2:12H2O 0.8998
20 80 0.210060 0.358413 56.847 42.012 71.683 0.9333 93.33 Mg(ClO4)2:12H2O 0.8998
30 70 0.315090 0.313612 62.870 63.018 62.722 0.9442 94.42 Mg(ClO4)2:12H2O 0.8998
40 60 0.420120 0.268810 68.893 84.024 53.762 0.9501 95.01 Mg(ClO4)2:12H2O 0.8998
50 50 0.525149 0.224008 74.916 105.030 44.802 0.9537 95.37 Mg(ClO4)2:12H2O 0.8998
60 40 0.630179 0.179207 80.939 126.036 35.841 0.9565 95.65 Mg(ClO4)2:12H2O 0.8998
70 30 0.735209 0.134405 86.961 147.042 26.881 0.9586 95.86 Mg(ClO4)2:12H2O 0.8998
80 20 0.840239 0.089603 92.984 168.048 17.921 0.9603 96.03 Mg(ClO4)2:12H2O 0.8998
90 10 0.945269 0.044802 99.007 189.054 8.960 0.9616 96.16 Mg(ClO4)2:12H2O 0.8998
95 5 0.997784 0.022401 102.018 199.557 4.480 0.9621 96.21 Mg(ClO4)2:12H2O 0.8998
96 4 1.008287 0.017921 102.621 201.657 3.584 0.9623 96.23 Mg(ClO4)2:12H2O 0.8998
97 3 1.018790 0.013440 103.223 203.758 2.688 0.9624 96.24 Mg(ClO4)2:12H2O 0.8998
98 2 1.029293 0.008960 103.825 205.859 1.792 0.9625 96.25 Mg(ClO4)2:12H2O 0.8998
99 1 1.039796 0.004480 104.428 207.959 0.896 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.1 0.9 1.040846 0.004032 104.488 208.169 0.806 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.2 0.8 1.041896 0.003584 104.548 208.379 0.717 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.3 0.7 1.042947 0.003136 104.608 208.589 0.627 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.4 0.6 1.043997 0.002688 104.669 208.799 0.538 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.5 0.5 1.045047 0.002240 104.729 209.009 0.448 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.6 0.4 1.046098 0.001792 104.789 209.220 0.358 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.7 0.3 1.047148 0.001344 104.849 209.430 0.269 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.8 0.2 1.048198 0.000896 104.909 209.640 0.179 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
99.9 0.1 1.049249 0.000448 104.970 209.850 0.090 0.9626 96.26 Mg(ClO4)2:12H2O 0.8998
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D) Table 3-4: MgCl2/Mg(ClO4)2 binary mixture at 243K 
 
E) Table 3-5: MgCl2/Mg(ClO4)2 binary mixture at 253K 
 
 
wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase DRH
MgCl2 Mg(ClO4)2 MgCl2 Mg(ClO4)2  Mg Cl ClO4 aH2Osat aH2Osat% aH2Osat
2 98 0.021006 0.439056 46.006 4.201 87.811 0.8296 82.96 Mg(ClO4)2:6H2O 0.8105
3 97 0.031509 0.434576 46.609 6.302 86.915 0.8281 82.81 Mg(ClO4)2:6H2O 0.8105
4 96 0.042012 0.430096 47.211 8.402 86.019 0.8266 82.66 Mg(ClO4)2:6H2O 0.8105
5 95 0.052515 0.425616 47.813 10.503 85.123 0.8251 82.51 Mg(ClO4)2:6H2O 0.8105
6 94 0.063018 0.421136 48.415 12.604 84.227 0.8235 82.35 Mg(ClO4)2:6H2O 0.8105
7 93 0.073521 0.416655 49.018 14.704 83.331 0.8221 82.21 Mg(ClO4)2:6H2O 0.8105
8 92 0.084024 0.412175 49.620 16.805 82.435 0.8205 82.05 Mg(ClO4)2:6H2O 0.8105
9 91 0.094527 0.407695 50.222 18.905 81.539 0.8189 81.89 Mg(ClO4)2:6H2O 0.8105
10 90 0.105030 0.403215 50.824 21.006 80.643 0.8173 81.73 Mg(ClO4)2:6H2O 0.8105
20 80 0.210060 0.358413 56.847 42.012 71.683 0.8324 83.24 Mg(ClO4)2:12H2O 0.8105
30 70 0.315090 0.313612 62.870 63.018 62.722 0.8559 85.59 Mg(ClO4)2:12H2O 0.8105
40 60 0.420120 0.268810 68.893 84.024 53.762 0.871 87.1 Mg(ClO4)2:12H2O 0.8105
50 50 0.525149 0.224008 74.916 105.030 44.802 0.8813 88.13 Mg(ClO4)2:12H2O 0.8105
60 40 0.630179 0.179207 80.939 126.036 35.841 0.8888 88.88 Mg(ClO4)2:12H2O 0.8105
70 30 0.735209 0.134405 86.961 147.042 26.881 0.8942 89.42 Mg(ClO4)2:12H2O 0.8105
80 20 0.840239 0.089603 92.984 168.048 17.921 0.8987 89.87 Mg(ClO4)2:12H2O 0.8105
90 10 0.945269 0.044802 99.007 189.054 8.960 0.9023 90.23 Mg(ClO4)2:12H2O 0.8105
95 5 0.997784 0.022401 102.018 199.557 4.480 0.9039 90.39 Mg(ClO4)2:12H2O 0.8105
96 4 1.008287 0.017921 102.621 201.657 3.584 0.9042 90.42 Mg(ClO4)2:12H2O 0.8105
97 3 1.018790 0.013440 103.223 203.758 2.688 0.9045 90.45 Mg(ClO4)2:12H2O 0.8105
98 2 1.029293 0.008960 103.825 205.859 1.792 0.9047 90.47 Mg(ClO4)2:12H2O 0.8105
99 1 1.039796 0.004480 104.428 207.959 0.896 0.905 90.5 Mg(ClO4)2:12H2O 0.8105
wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase DRH
MgCl2 Mg(ClO4)2 MgCl2 Mg(ClO4)2  Mg Cl ClO4 aH2Osat aH2Osat% aH2Osat
10 90 0.105030 0.403215 50.824 21.006 80.643 0.797 79.7 Mg(ClO4)2:6H2O 0.779
15 85 0.157545 0.380814 53.836 31.509 76.163 0.7893 78.93 Mg(ClO4)2:6H2O 0.779
20 80 0.210060 0.358413 56.847 42.012 71.683 0.7818 78.18 Mg(ClO4)2:6H2O 0.779
25 75 0.262575 0.336012 59.859 52.515 67.202 0.7895 78.95 MgCl2:12H2O 0.779
30 70 0.315090 0.313612 62.870 63.018 62.722 0.8036 80.36 MgCl2:12H2O 0.779
35 65 0.367605 0.291211 65.882 73.521 58.242 0.8145 81.45 MgCl2:12H2O 0.779
40 60 0.420120 0.268810 68.893 84.024 53.762 0.8231 82.31 MgCl2:12H2O 0.779
45 55 0.472634 0.246409 71.904 94.527 49.282 0.8301 83.01 MgCl2:12H2O 0.779
50 50 0.525149 0.224008 74.916 105.030 44.802 0.8359 83.59 MgCl2:12H2O 0.779
55 45 0.577664 0.201607 77.927 115.533 40.321 0.841 84.1 MgCl2:12H2O 0.779
60 40 0.630179 0.179207 80.939 126.036 35.841 0.8454 84.54 MgCl2:12H2O 0.779
65 35 0.682694 0.156806 83.950 136.539 31.361 0.8493 84.93 MgCl2:12H2O 0.779
70 30 0.735209 0.134405 86.961 147.042 26.881 0.8527 85.27 MgCl2:12H2O 0.779
75 25 0.787724 0.112004 89.973 157.545 22.401 0.8558 85.58 MgCl2:12H2O 0.779
80 20 0.840239 0.089603 92.984 168.048 17.921 0.8586 85.86 MgCl2:12H2O 0.779
85 15 0.892754 0.067202 95.996 178.551 13.440 0.8611 86.11 MgCl2:12H2O 0.779
90 10 0.945269 0.044802 99.007 189.054 8.960 0.8634 86.34 MgCl2:12H2O 0.779
95 5 0.997784 0.022401 102.018 199.557 4.480 0.8655 86.55 MgCl2:12H2O 0.779
96 4 1.008287 0.017921 102.621 201.657 3.584 0.8659 86.59 MgCl2:12H2O 0.779
97 3 1.018790 0.013440 103.223 203.758 2.688 0.8663 86.63 MgCl2:12H2O 0.779
98 2 1.029293 0.008960 103.825 205.859 1.792 0.8667 86.67 MgCl2:12H2O 0.779
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F) Table 3-6: CaCl2/Ca(ClO4)2 binary mixture at 233K 
 
G) Table 3-7: CaCl2/Ca(ClO4)2 binary mixture at 243K 
 
H) Table 3-8: CaCl2/Ca(ClO4)2 binary mixture at 253K 
wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase DRH
CaCl2 Ca(ClO4)2 CaCl2 Ca(ClO4)2  Ca Cl ClO4 aH2Osat aH2Osat% Phase aH2Osat
10 90 0.090106 0.376602 46.671 18.021 75.320 0.8516 85.16 Ca(ClO4)2:8H2O 0.6084
20 80 0.210060 0.358413 56.847 42.012 71.683 0.8347 83.47 Ca(ClO4)2:8H2O 0.6084
30 70 0.315090 0.313612 62.870 63.018 62.722 0.816 81.6 Ca(ClO4)2:8H2O 0.6084
40 60 0.420120 0.268810 68.893 84.024 53.762 0.7946 79.46 Ca(ClO4)2:8H2O 0.6084
50 50 0.525149 0.224008 74.916 105.030 44.802 0.7583 75.83 Ca(ClO4)2:8H2O 0.6084
60 40 0.630179 0.179207 80.939 126.036 35.841 0.7278 72.78 Ca(ClO4)2:8H2O 0.6084
70 30 0.735209 0.134405 86.961 147.042 26.881 0.6411 64.11 Ca(ClO4)2:8H2O 0.6084
80 20 0.840239 0.089603 92.984 168.048 17.921 0.6116 61.16 Antarcticite 0.6084
90 10 0.945269 0.044802 99.007 189.054 8.960 0.6201 62.01 Antarcticite 0.6084
95 5 0.997784 0.022401 102.018 199.557 4.480 0.6238 62.38 Antarcticite 0.6084
96 4 1.008287 0.017921 102.621 201.657 3.584 0.6245 62.45 Antarcticite 0.6084
97 3 1.018790 0.013440 103.223 203.758 2.688 0.6251 62.51 Antarcticite 0.6084
98 2 1.029293 0.008960 103.825 205.859 1.792 0.6257 62.57 Antarcticite 0.6084
99 1 1.039796 0.004480 104.428 207.959 0.896 0.6263 62.63 Antarcticite 0.6084
wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase
CaCl2 Ca(ClO4)2 CaCl2 Ca(ClO4)2  Ca Cl ClO4 aH2Osat aH2Osat%
10 90 0.090106 0.376602 46.671 18.021 75.320 0.7493 74.93 Ca(ClO4)2:8H2O
20 80 0.210060 0.358413 56.847 42.012 71.683 0.7157 71.57 Ca(ClO4)2:8H2O
30 70 0.315090 0.313612 62.870 63.018 62.722 0.6797 67.97 Ca(ClO4)2:8H2O
40 60 0.420120 0.268810 68.893 84.024 53.762 0.6025 60.25 Ca(ClO4)2:8H2O
50 50 0.525149 0.224008 74.916 105.030 44.802 0.5604 56.04 Ca(ClO4)2:8H2O
60 40 0.630179 0.179207 80.939 126.036 35.841 0.4844 48.44 Ca(ClO4)2:8H2O
80 20 0.840239 0.089603 92.984 168.048 17.921 0.3076 30.76 Antarcticite
90 10 0.945269 0.044802 99.007 189.054 8.960 0.3251 32.51 Antarcticite
95 5 0.997784 0.022401 102.018 199.557 4.480 0.3318 33.18 Antarcticite
96 4 1.008287 0.017921 102.621 201.657 3.584 0.3328 33.28 Antarcticite
97 3 1.018790 0.013440 103.223 203.758 2.688 0.3339 33.39 Antarcticite
98 2 1.029293 0.008960 103.825 205.859 1.792 0.3351 33.51 Antarcticite
99 1 1.039796 0.004480 104.428 207.959 0.896 0.3362 33.62 Antarcticite
wt% wt% mol/L mol/L mmol/L mmol/L mmol/L ERH ERH% Phase
CaCl2 Ca(ClO4)2 CaCl2 Ca(ClO4)2  Ca Cl ClO4 aH2Osat aH2Osat%
10 90 0.090106 0.376602 46.671 18.021 75.320 0.7741 77.41 Ca(ClO4)2:8H2O
20 80 0.180213 0.334757 51.497 36.043 66.951 0.7487 74.87 Ca(ClO4)2:8H2O
30 70 0.270319 0.292913 56.323 54.064 58.583 0.7112 71.12 Ca(ClO4)2:8H2O
40 60 0.360425 0.251068 61.149 72.085 50.214 0.6746 67.46 Ca(ClO4)2:8H2O
50 50 0.450532 0.209223 65.975 90.106 41.845 0.5897 58.97 Ca(ClO4)2:8H2O
80 20 0.720851 0.083689 80.454 144.170 16.738 0.2868 28.68 Antarcticite
90 10 0.810957 0.041845 85.280 162.191 8.369 0.3109 31.09 Antarcticite
95 5 0.856010 0.020922 87.693 171.202 4.184 0.3181 31.81 Antarcticite
96 4 0.865021 0.016738 88.176 173.004 3.348 0.3197 31.97 Antarcticite
97 3 0.874031 0.012553 88.658 174.806 2.511 0.3208 32.08 Antarcticite
98 2 0.883042 0.008369 89.141 176.608 1.674 0.3222 32.22 Antarcticite
99 1 0.892053 0.004184 89.624 178.411 0.837 0.3234 32.34 Antarcticite
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IV.  Characteristics and Stability of Chlorine Salts: Applications to Martian Soil Chemistry 
 A. Abstract 
 Although, Phoenix Lander 2008 was the only mission that provided in situ detection of 
perchlorates. It is believed that perchlorates are widely spread and they can easily form on 
Mars’s surface throughout different mechanisms; as oxidation of aerosols by the UV radiations, 
or, UV oxidation of dry and aqueous Cl
-
 in the presence of a titanium dioxide. As previously 
prescribed existence of chloride Cl
-
 along with perchlorate ClO4
-
 at phoenix landing site, give 





 and chlorate ClO3
-





) and they might be responsible for the destructive 
oxidation of organics at Viking and lack of detection of organics by MSL (Quinn et al., 2013).  
We have studied the stability of liquid solutions of several chlorine salt solutions, using a 
combination of experimental measurements and thermodynamic and kinetic calculations. We 
determined the eutectic temperatures for NaCl, NaClO3, NaClO4, Mg (ClO3)2, Mg (ClO4)2, 
CaCl2 through measuring their electrical properties. We also determined the eutectic temperature 
of NaClO and NaClO2 through thermodynamic and kinetic calculations. Our measured eutectic 
temperatures for NaCl, NaClO3, NaClO4, Mg (ClO3)2, Mg (ClO4)2, CaCl2 salt solutions show a 
great agreement and consistency with previous studied data. Sodium hypochlorite NaClO and 
sodium chlorite NaClO2 have eutectic temperature of 256.5K and 255 K respectively. Both 
NaClO and sodium chlorite NaClO2 are believed to be hard bleachers and thought to play a big 
role in the alteration and destruction of organics on Mars’s surface. Our eutectic calculations 
indicate that both salts are very close to each other and they might be able to remain liquid in the 
warmest seasons on Mars’s surface.  
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 B. Introduction 
 Perchlorates have been detected on Mars primarily by Phoenix Lander 2008 (Hecht et al., 
2009) and thought to be distributed in further several locations on Mars’s surface (Navarro-
Gonzalez et al., 2010; Leshin et al., 2013). Perchlorates considered one of the ions that exist 
relatively in high concentration in the Martian regolith compared to their concentration in Earth’s 
deserts (Catling et al., 2010; Kounaves et al., 2010). Evidence for present day liquid water on 
Mars that comes from recent gully formation or Recurring Slope Lineae (RSL) have been 
directly related to perchlorate salts (Ojha et al., 2015). Perchlorate solutions can remain liquid as 
low as –75˚C and form aqueous brines since they are able to spontaneously absorb atmospheric 
water vapor (Marion et al., 2010; Gough et al., 2011). Also, they are able to lower the freezing 
point as well as the evaporation rates of their salt solutions (Chevrier et al., 2009; Hanley et al., 
2012). In addition, perchlorates supercool easily and form aqueous glasses near –120˚C (Tone et 
al., 2013).   
 Chlorides were also one of the ions that discovered on Martian surface, particularly at the 
Phoenix landing site (Hecht et al., 2009). Between chloride Cl
-
 (oxidation state of -1) and 
perchlorate ClO4
-
 (oxidation state +7), other ions such as ClO
 -
 (ox. state +1), chlorite ClO2
-
 (ox. 
state +3) and chlorate ClO3
-
 (oxidation state +5) might currently exist in the Martian soil but yet 
undetected. Different studies have been published in attempt to address understanding different 
chlorine salts using both experimental (Gough et al., 2011, 2014, Hanley et al., 2012, Kounaves 
et al., 2014a, 2014b) and equilibrium modeling approaches (Elsenousy et al., 2015; Toner et al., 
2013, 2015). However, critical equilibrium properties for many chlorine salts, such as eutectic 
temperatures and behavior of these salts in solutions remain uncertain. Therefore, it is important 
to have detailed study on the thermodynamic properties and stability of these salts. In this study 
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we object to determine the eutectic temperatures of different chlorine salt solutions that 
associated with sodium, magnesium and calcium through using two different methods. The first 
one is to measure the electrical conductivity properties of the salt solution opposed to 
temperature and obtain the temperature at which the phase transition of salt solutions take place. 
Salts incorporated in this technique are NaCl, NaClO3, NaClO4, Mg (ClO3)2, Mg (ClO4)2 and 
CaCl2. The second technique used is constructing the phase diagram of some salt solutions using 
a combination of literature data to calculate the thermodynamic parameters for these salts and 
obtain its eutectic temperature. Salts incorporated in this method are Na-hypochlorites and Na-




 Hypochlorite or chlorite do not exist or are too 
unstable). 
 
 C. Methodology and Technical Approach 
 Conductivity Measurements  
 The objective of this study is to determine the eutectic temperatures of different chlorine 
salt solutions that might precipitate on Mars’s surface through studying their electrical 
properties.  Our analysis focuses mainly on chlorines pure salt solutions of sodium (NaCl, 
NaClO3, NaClO4), magnesium (Mg (ClO3)2, Mg (ClO4)2) and calcium (CaCl2). Electrical 
conductivity (resistivity) of each salt solution was measured using KEITHLEY multimeter 
device. Each sample solution was enclosed in a polystyrene cell that is connected to the 
multimeter through thermocouples and then cooled using liquid nitrogen as illustrated in Fig 4-1. 
Each polystyrene cell has 1 cubic centimetre of copper (oxidation free) exposed surface area, in 
contact with 1 cubic centimetre of sample material. 
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  Knowing that the frozen solution will have high resistivity that will decrease as the 
solution melts; we monitored the resistivity of each frozen sample solution when melts and 
watching for the temperature at which the discontinuity in the conductance rate occurs. This 
discontinuity represents a phase change (from solid to liquid) and the temperature is taken at this 
point to be the eutectic temperature of the corresponding solution. All salt solutions were 
prepared at their eutectic concentrations (Table4-1) in attempt to give precise and accurate 
eutectic temperature measurements. Our experimental set up was calibrated typically for 0.05 N 
KCl salt solution that has a conductivity of 0.718×10
-3
 S/cm at 25°C.  
 
 Stability Diagrams 
 From literature data, we have constructed stability diagrams of sodium hypochlorite 
(NaClO) and sodium chlorite (NaClO2) as illustrated in Figure 4-5. Such phase diagrams are 
important to determine: 1) the hydration states of the salts depending on temperatures and 2) the 
eutectic temperature for each corresponding salt. The solubility data we used to create the phase 
diagrams for both sodium hypochlorite (NaClO) and sodium chlorite (NaClO2)  were taken from 
Linke(1965), Taylor White and Cunningham (1940), Cunningham and Oey(1955) and 
Sanfourche and Gardent(1924). We determined the eutectic temperature for each salt, by 
calculating the theoretical intercept between the ice line (concentration below the eutectic) and 
the liquidus line of the salt hydrate (concentration above the eutectic). The theoretical 
calculations for the NaClO and NaClO2 liquidus lines (Fig 4-5) were calculated using (Pitzer, 
1991). Also, there was an absence of Pitzer parameters for Na
+
 paired with ClO
-
 and ClO2, 
therefore we calculated the pitzer parameters for both salts as described in Table 4-2 and Fig 4-6 
using pitzer approach. NaClO possesses two degrees of hydration: NaClO•2.5 H2O and 
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NaClO•5H2O as described in— Fig 4-5A. While, sodium chlorite (NaClO2) forms only one 
hydrated form NaClO2•3H2O — Fig 4-5B.  The detailed guide used to do all the calculations, 
approximations, and parameters are presented in previous study by the coauthor (Chevrier et al., 
2009) and reported here in the supplementary materials of this chapter.  
 
               
sample insertion tube
Polystyrene Cell Design






Figure 4-1. Schematic diagram illustrate the experimental setup used for measuring the electrical 





























Table 4-2. Show the corresponding calculated pitzer parameters for sodium hypochlorite 




 D. Results and Discussion 
 Effect of freezing on the conductivity 
 The conductivity measurements of NaCl, NaClO3, NaClO4, Mg (ClO3)2, Mg (ClO4)2 and 
CaCl2 salt solutions are all represented in Fig 4-2, 4-3 and 4-4, respectively. The graphs are the 




) vs. temperature in ˚C. As revealed by Fig.4- 2, 4-3 




CaCl2 30 -50.9 
NaCl 23 -21.9 
NaClO3 39 -26.9 
NaClO4 52 -33.6 
Mg(ClO3)2•6H2O 21 -33.4 
Mg(ClO4)2 44 -54.7 






 0.190342 0.13917 
Beta  
(1)
 1.09375 1.81644 
C  
(ϕ)
 -0.0106677 -0.00032127 
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and 4-4, general observations show that the conductance increase linearly with temperature to a 
certain degree at which conductance jumps sharply about 1 order of magnitude, then increase 
linearly again with temperature. All samples were cooled to temperatures below their known 
eutectics to determine if there any other sharp jumps in the conductivity that might exist. 
However, the conductance values were linear throughout this region for all tested samples. The 
large change in conductance of the corresponding salt solution occurs within the same 
temperature (freezing point/melting point), which we consider as the eutectic temperature. 
 Our measured eutectic temperatures for all tested salt solutions show excellent agreement 
and consistency with both previous experimental and theoretical calculated data. The measured 
eutectic temperatures for NaCl, NaClO3 and NaClO4 are -21.9˚C, -26.9˚C and -33.6˚C 


























 in case of NaClO4. For Mg (ClO3)2•6H2O and Mg (ClO4)2 the calculated 
eutectic temperatures are -33.4˚C and -54.7˚C correspondingly. The change in the conductance 


























 at eutectic temperature of -50.9˚C. 
 
 Stability diagrams 
 Figure 4-5 shows the stability diagram of sodium hypochlorite (NaClO) and sodium 
chlorite (NaClO2).  The results of our calculations indicate that sodium hypochlorite NaClO 
forms two hydrated forms; NaClO•2.5 H2O and NaClO•5 H2O and it has eutectic temperature of 
256.5K at concentration of 19.2 wt% — Fig 4-5A.  The diagram in Fig 4-5B shows that sodium 
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chlorite (NaClO2) forms only one hydrate (NaClO2•3H2O) and it has eutectic temperature of 255 
K at a concentration of 26 wt%. The results our calculations indicate that the eutectic 
temperatures for both salts are very close to each other and they might be able to remains liquid 
in the warmest seasons on Mars’s surface. The transition from sodium hypochlorite penta-
hydrate NaClO•5 H2O to NaClO•2.5 H2O occurs at 296 K with concentration of 48.5 wt%. As 
well, the transition from sodium chlorite tri-hydrate NaClO2•3H2O to anhydrous NaClO2 occurs 
at 309 K with concentration of 53 wt%. 
 
 E. Conclusions and Implications for Mars 
 Although, Phoenix Lander 2008 was the only mission that provided in situ detection of 
perchlorates (Hech et al., 20009). It is believed that perchlorates are widely spread and they can 
easily form on Mars’s surface throughout different mechanisms; as oxidation of aerosols by the 
UV radiations, or, UV oxidation of dry and aqueous Cl
-
 in the presence of a titanium dioxide, or, 
reaction of some strong oxidants such as hydrogen peroxide and ozone (Brown et al., 2008; 
Catling et al., 2010; Jackson et al., 2010, Kang et al., 2008; Kim et al., 2013; Miller et al., 2006; 
Rao et al., 2012; Schuttlefield et al., 2011). As previously prescribed existence of chloride Cl
-
 
along with perchlorate ClO4
-
 at phoenix landing site, give indications for likely presence of other 




 and chlorate ClO3
-
. These 





 ) and they might be responsible for the destructive oxidation of organics at Viking and lack 
of detection of organics by MSL (Quinn et al., 2013).  
 We have studied the stability of liquid solutions of several chlorine salt solutions, using a 
combination of experimental measurements and thermodynamic and kinetic calculations. We 
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determined the eutectic temperatures for NaCl, NaClO3, NaClO4, Mg (ClO3)2, Mg (ClO4)2, 
CaCl2 through measuring their electrical properties. We also determined the eutectic temperature 
of NaClO and NaClO2 through thermodynamic and kinetic calculations. Our measured eutectic 
temperatures for NaCl, NaClO3, NaClO4, Mg (ClO3)2, Mg (ClO4)2, CaCl2 salt solutions show a 
great agreement and consistency with previous studied data. Magnesium perchlorate are known 
to be metastable on Martian surface due to its low eutectic temperature of 218 K. Also, CaCl2, 
NaClO4, Mg (ClO3)2 and NaClO3 respectively come next in order from low eutectic to high 
eutectic temperature. They also could form aqueous solutions and stay thermodynamically stable 
under Martian conditions. However, at longer timescales these salts require some kind of a 
permanent mechanism of formation such as seasonal high humidity to stay in aqueous form and 
be metastable. Sodium hypochlorite NaClO and sodium chlorite NaClO2 have eutectic 
temperature of 256.5K and 255 K respectively. Both NaClO and sodium chlorite NaClO2 are 
believed to be hard bleachers and thought to play a big role in the alteration and destruction of 
organics on Mars’s surface. Our eutectic calculations indicate that both salts are very close to 
each other and they might be able to remain liquid in the warmest seasons on Mars’s surface. 
However, more studies are required to fully understand their effect on the existence of organics 








                      
                      
                     
Figure 4-2. Logarithm of the conductance vs. temperature for A) 23 wt% NaCl, B) 39 wt%  
NaClO3, C) 52 wt% NaClO4 salt solutions and was cooled as low as -80 ˚C, the vertical lines on 
the graphs, indicating the magnitude of the abrupt jump in the conductivity which taken as the 







     
     
 
Figure 4-3. Logarithm of the conductance vs. temperature for A) 21 wt% Mg(ClO3)2•6H2O, B) 
44wt%  Mg(ClO4)2salt solutions and was cooled to -80 ˚C, the vertical lines on the graphs, 
indicating the magnitude of the abrupt jump in the conductivity which taken as the eutectic 






      
Figure 4-4. Logarithm of the conductance vs. temperature for 30 wt% CaCl2 salt solution and 
was cooled to -105˚C, the vertical line on the graph, indicating the magnitude of the abrupt jump 
















             
              
 
Fig 4-5. Stability diagrams of (A) sodium hypochlorite (NaClO) and (B) sodium chlorite 
(NaClO2) . The solubility data were taken from Linke(1965), Taylor White and Cunningham 





          
 
 
         
 
              
Fig 4-6. Pitzer parameters for (A) sodium hypochlorite (NaClO) and (B) sodium chlorite 
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Rao, B., Hatzinger, P. B., Böhlke, J. K., Sturchio, N. C., Andraski, B. J., Eckardt, F. D., &  
Jackson, W. A. (2010). Natural chlorate in the environment: Application of a new IC- 
ESI/MS/MS method with a Cl18O3-internal standard. Environmental Science &  
Technology, 44(22), 8429-8434. 
 
Rennó, N. O., Bos, B. J., Catling, D., Clark, B. C., Drube, L., Fisher, D., . . . Kok, J. F. (2009).  
Possible physical and thermodynamical evidence for liquid water at the phoenix landing  
site. Journal of Geophysical Research: Planets (1991–2012), 114(E1). 
 
Schuttlefield, J. D., Sambur, J. B., Gelwicks, M., Eggleston, C. M., & Parkinson, B. A. (2011).  
Photooxidation of chloride by oxide minerals: Implications for perchlorate on  
Mars. Journal of the American Chemical Society, 133(44), 17521-17523. 
 
Toner, J., Catling, D. C., & Light, B. (2013, December). Experimental evidence for supercooled  
brines, viscous liquids, and low temperature perchlorate glasses on Mars. In AGU Fall  
Meeting Abstracts (Vol. 1, p. 1853). 
 
Toner, J. D., Catling, D. C., & Light, B. (2015). Modeling salt precipitation from brines on Mars:  
Evaporation versus freezing origin for soil salts. Icarus, 250, 451-461. 
 
Zorzano, M., Mateo‐Martí, E., Prieto‐Ballesteros, O., Osuna, S., & Renno, N. (2009). Stability of  




G. Supplementary Information 
Determination of Eutectic Temperature and Concentrations 
We calculated the stability diagrams of sodium hypochlorite (NaClO) and sodium 
chlorite (NaClO2) using a combination of theoretical calculations and data analysis. In this 
chapter we are interested in determination of the eutectic temperatures. This temperature 
corresponds to the theoretical intercept between the ice line (concentration below the eutectic) 
and the liquidus line of the salt hydrate (concentration above the eutectic). To determine the salt 
equilibrium lines, we need the hydration state of each salt at the eutectic. Thus, we used 
solubility results from the literature, Linke(1965), Taylor White and Cunningham (1940), 
Cunningham and Oey(1955) and Sanfourche and Gardent(1924). Along each equilibrium line, 
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the charges of the ions, and 𝜐+ and  𝜐−are the number of ions in the salt formula.  
The thermodynamic constant K for dissolution (eq. 4.1) is defined as: 








                                                                                        (4.2) 
where a is the activity of  ion and water in the solution.  
Then todetermin the activity of water at equilibrium (Altheide et al., 2009): 
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(𝜐+ × 𝜐−) 𝑚𝑁𝑋𝑒𝑥𝑝  
−55.51 𝑙𝑛𝐻2𝑂
𝑚𝑁𝑋(𝜐+ × 𝜐−)







                                     (4.4) 
where mNX is the molality of the salt, and𝜐+, 𝜐−are the number of ions in the salt formula.  
Then we determined the constant K(T) as a function of the temperature using the Van’t Hoff 
equation: 














                                          (4.5) 
where −∆𝐺298𝐾,1𝑏𝑎𝑟
0  is the Gibbs free energy of dissolution of the salt and −∆𝐻298𝐾,1𝑏𝑎𝑟
0  is the 
enthalpy of dissolution at saturation. The transcendental eq. (4.4) is solved numerically for each 
value of T, giving the molality mNX and then the concentration.  
Finally, we determined the eutectic temperature and concentration from the intercept of both 
curves. All curves are all consistent very well with the theoretical data. This is particularly 
significant for the ice – solution equilibrium lines, which calculated without any adaptive 
parameter. Consequently, we estimate the eutectic conditions to be: T = 256.5K at C = 19.2 wt% 
for NaClO and T = 255 K at C =26 wt%. for NaClO2. 
 
Determination of Pitzer Parameters from Water Activity and the Ice Line 
 The kinetic eq. (4.6) includes the activity of liquid water (𝑎𝐻2𝑂) which can be calculated 
using the Pitzer ion interaction model (Pitzer, 1991). This model describes the electrostatic, non-
specific, long-range interactions, as illustrated by the Debye-Hückel theory, and also includes 
terms of short-range non-electrostatic interactions that turn out to be efficient at very high 
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concentrations. In this case the formula of the electrolyte is modeled as  𝑁𝑣+
𝑧+𝑋𝑣−
𝑧−, where z+ and z- 
are the charges of the ions, and  𝜐+ and  𝜐−are the number of ions in the salt formula.  
In the case of NaClO and NaClO2, z+ = 1, 𝜐+ = 1, z- = -1,  
The activity of water is calculated by the following equation:  
            𝑙𝑛⁡(𝑎𝐻2𝑂) =  
−𝛷𝐻2𝑂  𝑚𝑘𝑘
55.10
                                                                                                (4.6) 
where 𝑚𝑘  is the molality of the ion k in the solution (in mol kg
-1
). This can also be rewritten as: 
   𝑙𝑛⁡(𝑎𝐻2𝑂) =  
−𝛷𝐻2𝑂   𝜐+ + 𝜐−  𝑚𝑁𝑋 
55.10
                                                                                  (4.7) 
where 𝑚𝑁𝑋   is the molality of the salt. The osmotic coefficient −𝛷𝐻2𝑂 is calculated as follows 
(Pitzer, 1991): 
Φ𝐻2𝑂 − 1 =  𝑍+𝑍−  𝑓 +  𝑚𝑁𝑋   
2 𝜐+𝜐−
𝜐++𝜐−






 𝐶𝛷                                     (4.8)    
 
where 𝑚𝑁𝑋   is the molality of the salt, 𝐵𝑁𝑋   and 𝐶
𝛷  are constants representing specific 
interactions between the ions in the solution, where 𝐵𝑁𝑋   is calculated using the following 
equation: 
 
𝐵𝑁𝑋 =  𝐵
(0) + 𝐵(1) 𝑒𝑥𝑝(−𝛼 𝐼𝑚 )                                                                                             (4.9) 
and 𝐵(0) , 𝐵(1)and 𝐶𝛷are the unknown Pitzer parameters. Then, f is the extended form of the 
Debye-Hückel coefficient equivalent to: 
 
𝑓 =  −
𝐴 𝐼𝑚
1 + 𝑏 𝐼𝑚
                                                                                                                               (4.10) 
 




𝐴 = 0.13422 ×  0.0368329 × 𝑇 − 14.62718 × 𝑙𝑛 𝑇 −  
1530.1474
𝑇
+ 80.40631     (4.11) 




 and Im is the ionic strength that 
calculated as: 





𝑖=1                                                                                                                   (4.12) 
The ionic strength can be rewritten as 




2 +  𝑚𝑋𝑧− 
2                                                                                                        (4.13) 
And since 𝑚𝑁 =  𝜐+ 𝑚𝑁𝑋  and 𝑚𝑋  =  𝜐− 𝑚𝑁𝑋  
 




2 +  𝜐−𝑧− 
2                                                                                                    (4.14) 
But to maintain the charge neutrality, we must have: 𝜐+ = |z-| and  𝜐− = z+, thus 
  




2 + 𝑧+𝑧− 
2   =  
1
2
𝑚𝑁𝑋  [  𝑧−  . 𝑧+][𝑧+ +  𝑧− ]                                              (4.15) 
 
We also know that |z+ z-| = 𝜐+  𝜐− and z+ + |z-| = 𝜐+  𝜐−, therefore we define two parameters P = 
|z+ z-| = 𝜐+  𝜐− (product)  and S = z+ + |z-| = 𝜐+  𝜐−, (sum). 
 
For a 1-1 salt, S = 2, P = 1. 
For a 2-1 salt, S = 3, P = 2 
For a 2-2 salt, S = 4, P = 4 
For a 3-2 salt, S = 5, P = 6 





Therefore, eq. (4.14) becomes simply: 
 
𝐼𝑚  =  
1
2
 𝑚𝑁𝑋  .𝑃. 𝑆                                                                                                                 (4.16) 
      and   
 
𝑚𝑁𝑋  =  
2𝐼𝑚
𝑃. 𝑆
                                                                                                                                         (4.17) 
 
This allows to easily changing from the molality to the ionic strength for any salt. Thus, rewritten 
for the osmotic coefficient, eq. (4.7) becomes: 
 
𝛷𝐻2𝑂 =  −  
55.51 𝑙𝑛(𝑎𝐻2𝑂)
𝑆.𝑚𝑁𝑋   
                                                                                                             (4.18) 
 
and the Pitzer formulation for the same osmotic coefficient becomes 
ΦH2O − 1 = P. f +
2P
S






2                                                                        (4.19) 
 
Since BNX  and f are both functions of m NX through the square root of the ionic strength, i.e. eq. 
(4.9) and eq (4.10), we define a new variable 
 






In this case, eq. (4.18) becomes: 
ϕ =  −  
55.51 P. ln aH2O 
2γ2 
                                                                                                                   (4.20) 
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And eq. (4.19) becomes 
ϕ − 1 =  −
P. A. γ









Cϕ                                                    (4.21) 
 
 
Finally, combining equations (3.21) and (3.22) and reordering gives the fitting equation to obtain 
the Pitzer parameters: 
−55.51 . P. ln aH2O −  2γ
2  1−
P. A. γ









Cϕ           (2.22) 
 
Or in a simplified form: 
−55.51
2










Cϕ           (2.23) 
Finally, this assumes that Cϕ   is a constant. If it were not, it would just require replacing the Cϕ   













Data obtained during conductivity experiments : 
Table 4-3: Conductivity data for NaCl, NaClO3 and NaClO4 
  
 
NaCl       23 wt% NaClO3      39 wt% NaClO4      52wt%
Temperature Conductance Temperature Conductance Temperature Conductance
-38.1 1.751313485 -81.3 0.008333333 -70.3 0.008333333
-37.4 1.953125 -80.7 0.008333333 -70.1 0.008333333
-36.9 2.155172414 -79.8 0.008333333 -69.8 0.008333333
-36.2 2.5 -78.6 0.008333333 -69.5 0.008333333
-35.3 3.086419753 -77.8 0.008333333 -68.7 0.008333333
-34.4 3.610108303 -77.2 0.008333333 -67.8 0.008333333
-33.9 4.081632653 -76.4 0.008333333 -67.2 0.008333333
-33.3 4.739336493 -75.9 0.009090909 -66.4 0.008333333
-32.5 5.494505495 -75.2 0.013333333 -65.9 0.008333333
-31.8 6.25 -74.5 0.017605634 -65 0.008333333
-31.3 6.944444444 -73.6 0.024390244 -64.4 0.008333333
-30.6 8.196721311 -73 0.029411765 -63.8 0.008333333
-30.1 9.090909091 -72.3 0.037453184 -62.9 0.008333333
-29.7 9.708737864 -71.6 0.047393365 -61.7 0.008849558
-29.2 10.41666667 -70.9 0.057471264 -60.9 0.010989011
-28.2 12.34567901 -69.8 0.071428571 -60.1 0.013513514
-27.3 14.28571429 -68.9 0.093457944 -59.1 0.018518519
-26.5 16.66666667 -67.9 0.112359551 -58.3 0.02173913
-25.6 19.23076923 -66.3 0.142045455 -57.6 0.026737968
-24.8 21.73913043 -65.3 0.161290323 -56.5 0.035587189
-24.2 25 -64 0.181818182 -55.3 0.047169811
-23.6 27.77777778 -63.1 0.196463654 -54.1 0.064102564
-23.2 29.41176471 -61.8 0.214592275 -53 0.079365079
-22.5 34.48275862 -60.4 0.231481481 -51.8 0.104166667
-22.2 38.46153846 -59.3 0.242130751 -50.9 0.120481928
-21.9 45.45454545 -57.7 0.254452926 -49.9 0.141843972
-21.9 47.61904762 -56.4 0.262467192 -48.6 0.17699115
-21.9 52.63157895 -54.9 0.269541779 -47.5 0.209643606
-21.9 62.5 -53.6 0.27173913 -46.6 0.238095238
-21.9 66.66666667 -52.1 0.27100271 -45.1 0.280112045
-22.1 83.33333333 -51 0.268817204 -43.8 0.319488818
-22 400 -49.8 0.267379679 -42.7 0.35335689
-21.9 384.6153846 -47.4 0.266666667 -41.4 0.393700787
-21.8 416.6666667 -44.3 0.299401198 -40.1 0.440528634
-21.7 416.6666667 -41 0.362318841 -38.8 0.476190476
-21.3 434.7826087 -35.9 0.507614213 -37.3 0.523560209
-20.8 434.7826087 -32.6 0.591715976 -36.4 0.558659218
-19.6 438.5964912 -30.7 0.64516129 -35.7 0.591715976
-19.2 444.4444444 -29.6 0.684931507 -35.4 0.625
-18.3 425.5319149 -28.5 0.729927007 -35.1 0.657894737
-27.7 0.78125 -34.2 0.666666667
-26.9 0.840336134 -34 0.680272109
-26.8 0.869565217 -33.8 0.699300699
-26.6 0.892857143 -33.7 0.714285714
-26.4 8.403361345 -33.7 0.746268657
-26.3 0.869565217 -33.6 0.775193798
-26.3 0.826446281 -33.5 0.81300813
-26.2 8.403361345 -33.5 0.847457627
-26.2 0.900900901 -33.4 0.892857143
-26.1 0.900900901 -33.4 9.345794393
-26.1 8.474576271 -33.3 9.009009009
-26 10.86956522 -33.3 8.795074758
-25.8 8.620689655 -33.3 8.771929825
-25.8 10.20408163 -33.2 8.695652174
-25.8 8.403361345 -33.1 8.771929825
-25.8 8.547008547 -32.9 8.718395815
-25.6 8.620689655 -32.8 8.695652174
-25.6 8.695652174 -32.6 8.72600349
-25.6 8.695652174 -32.4 8.818342152
-25.5 8.695652174 -32.2 9.345794393
-25.4 8.695652174 -31.9 9.523809524
-25.3 8.620689655 -31.7 9.532888465
-25.2 8.620689655 -31.4 9.578544061
-25.1 8.547008547 -31 9.708737864
-25 8.547008547 -30.6 9.708737864
-24.9 8.620689655 -30.3 9.708737864
-24.8 8.620689655 -30.1 9.708737864
-24.7 8.620689655 -29.9 9.718172983
-24.6 8.620689655 -29.6 9.718172983
-24.5 8.620689655 -29.5 9.718172983
-24.4 8.695652174 -29 9.708737864
-24.3 8.695652174 -28.9 9.689922481
-24.2 8.771929825 -28.7 9.671179884
-24.1 8.771929825 -28.7 9.633911368
-24 8.849557522 -28.6 9.606147935
-23.7 8.928571429 -28.5 9.606147935








Mg(ClO3)2      21 wt% Mg(ClO4)2      44 wt%
Temperature Conductance Temperature Conductance
-45 0.011363636 -80.3 0.380228137
-44 0.014285714 -78.5 0.396825397
-43 0.02173913 -76.7 0.41322314
-42 0.037037037 -75.1 0.429184549
-41 0.055555556 -73.3 0.446428571
-40 0.090909091 -71.4 0.465116279
-39 0.166666667 -69.7 0.483091787
-38 0.25 -67.6 0.507614213
-37 0.357142857 -65.9 0.526315789
-36 0.666666667 -64.4 0.549450549
-35 1.666666667 -62.7 0.574712644
-34 3.333333333 -60.9 0.609756098
-33 9.090909091 -59.6 0.636942675
-33 44.84304933 -58.3 0.666666667
-32 47.61904762 -57.1 0.699300699
-31 50 -56.4 0.724637681
-30 52.63157895 -55.8 0.751879699
-29 55.55555556 -55.7 0.78125
-28 58.82352941 -55.6 0.806451613
-27 62.5 -55.4 0.819672131
-26 62.5 -55.3 0.833333333
-25 63.69426752 -55.3 0.854700855
-24 64.93506494 -55.2 0.869565217
-23 67.56756757 -55 0.884955752
























Table 4-5: Conductivity data for CaCl2 
 
    
 
 
CaCl2                30 wt%
















































V.  Summary and Conclusions 
A. Chlorine salts: detection and simulation 
 Chlorine salts (chloride, hypochlorite, chlorite, chlorate and perchlorate) could be present 
on some of the planetary bodies that has aqueous history and had been altered by water in the 
past as chlorides that was found on Martian  meteorites (Kounave et al., 2014, Sawyer et al., 
2000). Some chlorine salts as chlorides (Cl
-
) and perchlorates (ClO4
-
) were discovered on the 
surface of Mars recently by Phoenix Lander 2008. Also, it is thought that perchlorates are widely 
spread on the surface of Mars (Brown et al., 2008; Catling et al., 2010; Jackson et al., 2010, 
Kang et al., 2008; Kim et al., 2013; Miller et al., 2006; Rao et al., 2012; Schuttlefield et al., 
2011). However, Phoenix was the only mission that detected presence of perchlorates on the 




 and chlorate 
ClO3
-
) might be existed as intermediate species on the surface of Mars but still undetected.  
 In this dissertation we performed a thermodynamic modeling of aqueous geochemistry of 
chlorine salts with a special interest to Mars. This goal was achieved by applying a combination 
of theoretical modeling along with experimental measurements as follow: 1) simulation of the 
Wet Chemistry Lab data using thermodynamic modeling (GWB and FREZCHEM) (Chapter 2) , 
2) modeling the deliquescence of perchlorate/chloride binary salt mixtures using GWB (Chapter 
3) , 3) determine the thermodynamic properties of  Na-hypochlorite and Na-chlorite (Chapter 4) 
and Finally, 4) study the electrical properties of several chlorine salt solutions, using 
conductivity experimental measurements (Chapter 4).  
 Our results of the thermodynamic modeling through freezing and evaporation  using GWB 
and FREZCHEM showed that magnesium chlorate hexahydrate (Mg (ClO3)2·6H2O) and 
potassium perchlorate (KClO4) are among the main mineral phases on the Phoenix landing site. 
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We also detected other chlorate salts as Ca(ClO3)2.2H2O and chlorides as halite, bischofite, 
MgCl2.4H2O and MgCl2.12H2O through our simulations. We were able to use some precipitated 
minerals such as proxies to determine the precipitation process. For instance, precipitation of 
highly hydrated salts such as MgCl2. 12H2O indicated that this salt was deposited through 
freezing process, while deposition of t low hydrated slats as Mg(ClO3)2·4H2O and 
Mg(ClO4)2·H2O indicated that they were precipitated through evaporation.  
 In this work we also determined the deliquescence Relative Humidity (DRH) and the 
Eutonic Relative Humidity (RHeut) values for different chloride/perchlorate binary salt mixtures 
using Geochemist’s Work Bench (GWB). Neither GWB or any other thermodynamic model is 
able to do direct calculation of salt equilibriums by varying humidity, thus we used the inverse 
approach of GWB. Rather than starting from a pure salt and increasing humidity (direct 
deliquescence), we started from a liquid solution; we decreased the amount of water through 
evaporation pathway till reach the salt line (indirect efflorescence) (Fig 3-1, Chapter 3). 
Deliquescence of perchlorate/chloride binary salt mixtures is potentially relevant for Martian 
regolith, particularly, at the phoenix landing site. The measured DRH values for all salts were 
generally increased with decreasing temperature. Our results indicate that chloride/perchlorate 






can exist as metastable, 
supersaturated solutions over a broad range of temperatures and RH and could exist in aqueous 
form for several hours per day on the Martian surface (Chapter 3). This process also might be 
responisible for the increment growth of Recurring Slope Lineae (RSL) during  the warm 
seasons on Mars. However, our results show some discrepancy between some experimental data 
and our model predictions values, particularly at the eutonic point of some salts.  This 
discrepancy is due to lack of temperature and pressure dependencies in the model that wasn’t 
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able to effectively describe brine chemistry formed by deliquescence of the corresponding salt 
mixtures.  Therefore, further work is required to update the thermodynamic data of GWB to be 
able to predict the deliquescence of salt mixtures at low temperatures that is relevant to Mars. 
  Additionally, we determined the eutectic temperatures for NaCl, NaClO3, NaClO4, Mg 
(ClO3)2, Mg (ClO4)2, CaCl2 through measuring their electrical conductivity properties. Our 
measured eutectic temperatures show a good agreement and consistency with previous studied 
data. Magnesium perchlorate is known to be metastable on Martian surface due to its low 
eutectic temperature of 218 K. Also, CaCl2, NaClO4, Mg (ClO3)2 and NaClO3 respectively come 
next in order from low eutectic to high eutectic temperature. They also could form aqueous 
solutions and stay thermodynamically stable under Martian conditions. However, at longer 
timescales these salts require some kind of a permanent mechanism of formation such as 
seasonal high humidity to stay in aqueous form and to be metastable.  
 From literature data, we have constructed stability diagrams of sodium hypochlorite 
(NaClO) and sodium chlorite (NaClO2) (Fig 4-5 Chapter 4). Such phase diagrams are important 
to determine: 1) the hydration states of the salts depending on temperatures and 2) the eutectic 
temperature for each corresponding salt. We determined the eutectic temperature for each salt, 
by calculating the theoretical intercept between the ice line (concentration below the eutectic) 
and the liquidus line of the salt hydrate (concentration above the eutectic). Our results show that 
NaClO possesses two degrees of hydration: NaClO•2.5 H2O and NaClO•5H2O, NaClO2 forms 
only one hydrated form NaClO2•3H2O. Both NaClO and sodium chlorite NaClO2 considered a 
hard bleachers and thought to play a big role in the alteration and destruction of organics on 
Mars’s surface. However, more studies are required to fully understand their effect on the 
existence of organics and specific mechanisms of such contribution. 
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 B. Stability of water and habitability implications for Mars 
 Several studies have identified features currently related to possible liquid solutions on 
the surface of Mars, including the Recurrent Slope Lineae (McEwen et al., 2011) and the 
droplets on the feet of the Phoenix lander (Renno et al., 2009). In addition to atmospheric 
pressure, Mars is too cold and dry to permit pure liquid water on its surface and shallow 
subsurface. However, the presence of soluble salts in the regolith suggests the existence of brines 
which exhibit significantly lower eutectic temperatures and evaporation rates (Chevrier and 
Altheide, 2008; Hanley et al., 2012). The Phoenix lander has so far acquired the most complex 
set of results characterizing soluble salts in the surface and subsurface of the Martian 
environment, with a special emphasis on the various possible phases of water and their 
interactions with the regolith. In this dissertation we did not only determine the solid precipitated 
phases through freezing and evaporation scenarios, but also we determined the residual liquid 
compositions and their related water activity. 
  Our results show that a non direct freezing of the residual solutions after evaporation 
resulting in lower water activity that leads to very low freezing temperatures (Fig. 6 & 7, Chapter 
2).  The activity of water drops down to about ~ 0.25 by freezing the residuals after evaporation. 
Such decrease of activity results in lower freezing temperatures of the residual brine solution, 
down to approximately 127 K for the residuals. However, these low temperature solutions are 
very minor which means that they represent a tenth of the total salt mass.  
Our results also show that the amounts of liquids formed at very low temperature are 
extremely small and would probably result in minute disseminated droplet in contact with salt 
assemblages. The total amount of soluble salt in the regolith controls the amount of possible 
liquid. Therefore, if low temperature liquid brines are relatively easy to form, their volumes 
87 
 
remain limited to trace amounts in the regolith. These results have significant implications for 
the potential presence of life in the regolith. Even if Martian life could support the very low 
temperatures and low water activity of the liquid formed, the major problem they would face is 
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  Modeling Heat and Salt Transfer at Europa’s ice Ocean Interface 
   Jupiter’s icy satellite Europa is thought to host a persistent subsurface ocean overlain by 
an ice shell, and is the most promising candidate for extant life among the Galilean satellites 
9Carr et al., 1989; Kargel et al., 2000; Chyba, C.F 2008) . Melting and freezing at a small 
boundary layer under the ice shell should occur on semi-diurnal (42-hr) time scales. 
Understanding the dynamics of this layer gives clues into the history of active turbulence at 
this boundary, and the geological processes that drive the interior ocean. Understanding heat 
and material transfer between the ocean and ice shell will also provide information about the 
fundamental physical and chemical processes that are responsible for the distinct surface 
features of Europa. This work focuses on dynamics of refreezing after a melt event, how that 
influence the basal ice growth rates, and implications for Europa’s tidal response. 
    We adapted the model of McPhee et al., 2008 (McPhee et al., 2008) which parameterizes 
double-diffusive processes at Earth’s ice-ocean interface. Heat and salt content in Europa’s 
ocean were adopted from published literature Table 1 (Vance and Goodman 2009). Exchange 
of heat and salt, and the rates of melting and freezing, depend on the balance of enthalpy at 
the interface: upward heat flux from the bottom of the ocean <w’T’>; upward heat 
conduction at the bottom of the ice column (q); and latent heat associated with melting or 
freezing, 𝑤𝑜 𝜌 𝐿𝑓𝑟𝑒𝑠 𝑕 , where wo=-(ρice/ρ)dh/dt is the isostatically balanced ice melt rate. 
This balance is summarized as:  
      −𝑞 + 𝑤′ 𝑇′ 𝑜 = 𝑤𝑜 𝜌𝑤 𝐿𝑓𝑟𝑒𝑠 𝑕 (1)  
We varied one parameter at a time to assess the influence on both the basal ice growth rate 
―h‖ and double diffusion tendency ―R‖ for two different values of ice shell thickness: 10 and 
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20 km. This tendency R for double-diffusive convection is defined as the ratio of the 
interface heat exchange coefficient αh to the interface salt exchange coefficient αs.  
    Application of terrestrial seawater and sea ice parameters to Europa predicts a strong 
double-diffusion tendency at the ice-ocean interface for a plausible range of values for the 
heat flux, <w’T’> between 0.05 and 0.5 W/m2, the value is R  
 
    For both 20-km and 10-km ice shell scenarios, double diffusive convection is 
proportional to the heat flux from the ocean (Fig. 1A and 1B). We estimate maximum ice 
growth rate (h) from freezing at about 0.7 mm/day for the minimum heat flux of 0.05 W/m2. 
See the pattern in Figure 2. L fresh / ρwcP. 
We calculated salt flux 𝑤′ 𝑆′ from parameterized turbulent salt flux: 𝑤′ 𝑆′ 𝑜 = 𝛼𝑠 𝑢∗ 𝑑𝑆 (2)  
The minimum salt flux leading to double diffusive convection for a 20 km ice shell is 
~6.2x10-6 psu m/s (Fig. 3). By analogy to processes in sea ice on Earth, we predict a strong 
double-diffusive tendency (large R), at Europa’s ice-ocean interface for all plausible values 
of oceanic heat flux (<w’T’> 0.05 – 0.5 W/m2) due to even small imbalances with heat 
transport through the ice (q), for example due to the onset or elimination of hydrothermal 
activity.  
   Double-diffusion implies significant production of super-cooled water near the interface, 
where heat is extracted from the upper ocean faster than salt is injected downward. 
Depending on the way ices form (e.g., frazil or congelation) and the way brines distribute 
within them, the ice-ocean interface may not provide a distinct dielectric interface for 
detecting the ice shell thickness using radar or acoustic sounding. Alternatively, lateral 
variations in resolved radial structure, from sounding profiles of the ice-ocean interface, may 
provide important clues into the nature of oceanic transport. The models we are developing 
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provide a starting point for quantifying and interpreting ice-ocean interactions based on 
future exploration. 
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Table 1: Model Parameters 











                   
                  
Figure 1:  Modelled ice growth rate (h) and the double diffusion tendency (R) at fixed heat 
flux into the ice column (q), A: heat conduction (q) corresponding to 20 km ice thickness, B: 
heat conduction (q) corresponding to10 km ice thickness. The ice growth rate is small for the 





                             
                            
          
Figure 2: Ice growth rate (h) and double diffusion tendency (R) for a fixed heat flux from the 
bottom of the ocean (w’T’), A: maximum heat flux estimated (w’T’) = 0.3 W/m2, B: minimum 










Figure 3: Salinity flux (w’S’) and double diffusion tendency (R) at fixed heat flux into the ice 
column (q) = 0.0285 W/m2 corresponding to 20 Km ice thickness. 
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